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ABSTRACT  
   
 Colorful ornaments in animals often serve as sexually selected signals 
of quality. While pigment-based colors are well-studied in these regards, 
structural colors that result from the interaction of light with photonic 
nanostructures are comparatively understudied in terms of their 
consequences in social contexts, their costs of production, and even the best 
way to measure them.  
Iridescent colors are some of the most brilliant and conspicuous 
colors in nature, and I studied the measurement, condition-dependence, and 
signaling role of iridescence in Anna’s hummingbirds (Calypte anna). While 
most animal colors are easily quantified using well-established 
spectrophotometric techniques, the unique characteristics of iridescent 
colors present challenges to measurement and opportunities to quantify 
novel color metrics. I designed and tested an apparatus for careful control 
and measurement of viewing geometry and highly repeatable measurements. 
These measurements could be used to accurately characterize individual 
variation in iridescent Anna’s hummingbirds to examine their condition-
dependence and signaling role. 
Next, I examined the literature published to date for evidence of 
condition-dependence of structural colors in birds. Using meta-analyses, I 
found that structural colors of all three types – white, ultra-violet/blue, and 
iridescence – are significantly condition-dependent, meaning that they can 
convey information about quality to conspecifics. I then investigated whether 
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iridescent colors were condition-dependent in Anna’s hummingbirds both in 
a field correlational study and in an experimental study. Throughout the 
year, I found that iridescent feathers in both male and female Anna’s 
hummingbirds become less brilliant as they age. Color was not correlated 
with body condition in any age/sex group. However, iridescent coloration in 
male Anna’s hummingbirds was significantly affected by experimental 
protein in the diet during feather growth, indicating that iridescent color may 
signal diet quality. 
 Finally, I examined how iridescent colors were used to mediate social 
competitions in male and female Anna’s hummingbirds. Surprisingly, males 
that were less colorful won significantly more contests than more colorful 
males, and colorful males received more aggression. Less colorful males may 
be attempting to drive away colorful neighbors that may be preferred mates. 
Female iridescent ornament size and color was highly variable, but did not 
influence contest outcomes or aggression.  
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PREFACE 
 For the majority of the dissertation work described here, I focus on 
the measurement, function, and cost of iridescent coloration in Anna’s 
hummingbirds (Calypte anna). Therefore, I begin with a basic primer on 
Anna’s hummingbird seasonality and display behavior to allow the reader to 
place the studies described here within the context of the natural biology of 
these birds.  
 
Breeding and molt seasonality 
 Anna’s hummingbirds begin the breeding season in the Phoenix, 
Arizona area in late October to early November when males return from the 
surrounding mountains where they spend the hot Arizona summer (Russell 
1996; pers. obs.). At this time, males (Figure 1) begin to display (described 
below) and define breeding territories, which are between about 100 to 1000 
m2 in area and are closely spaced in an “exploded lek” pattern (Powers 
1987). Females (Figure 2) are the only sex that builds the nest and cares for 
chicks and breeding is polygamous (Russell 1996). The main season of 
breeding occurs from late November until March, with eggs and nestlings 
from December until late April. Following the breeding season, a single 
yearly molt begins in May and lasts until November. The body, tail, and wing 
feathers are replaced first and ornamental magenta iridescent gorget (chin) 
and crown (top of head) feathers are molted last just prior to the beginning 
of the breeding season (Williamson 1956). 
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Display 
 Anna’s hummingbirds are sexually dichromatic with males displaying 
iridescent magenta crown and gorget feathers and females displaying a 
smaller gorget than males and no crown (Figure 1, Figure 2). Females vary 
from having no iridescent gorget to having a gorget almost as large as males’ 
and very rarely (less than 1%), females have some iridescent magenta crown 
feathers (pers. obs.).  
 Males display these ornaments during a variety of displays performed 
towards males intruding upon their territories or females. The chatter-sway 
display is performed while males sit on a high perch while singing and 
turning the head back and forth so that it flashes in the sun, and the bird is 
usually oriented such that the sun is directly at the back of the observer, thus 
maximizing the brilliance of the displaying male’s iridescent ornaments 
(Stiles 1982). Dive displays are also performed in which males ascend nearly 
100 m, stopping to sing while hovering, and dive at great speed and while 
oriented with the sun towards the observer (Hamilton 1956; Stiles 1982). At 
the bottom of the dive, the male flares its tail, and a harsh chirp is produced 
by the outer two pairs of tail feathers (Stiles 1982).   
 Male courtship of females usually begins with a female entering a 
male’s breeding territory, usually to feed on flowers located within the 
territory. The male then chases or performs dive displays or chatter-sway 
xiv 
displays towards the female just as he would with an invading male. Usually 
the female is chased to another location, and the male forces the female to a 
low bush or the ground where he performs a shuttle displays during which 
he flies rapidly back and forth in front of the female with the female always at 
bill point and the ornaments directly facing the female at all times. During 
this display the female appears to be unable to leave until she consents to 
allow the male to mate; if the female attempts to fly away she is aggressively 
forced back to perching by the male (Stiles 1982). 
 
xv 
 
Figure 1. A male Anna’s hummingbird with an iridescent magenta crown (top 
of head) and gorget (chin). 
xvi 
 
Figure 2. A female Anna’s hummingbird with very little magenta iridescent 
gorget coloration and no crown. To examine variation in female gorget 
coloration, see Figure 8. 
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Chapter 1 
 
EVIDENCE FOR THE CONDITION-DEPENDENCE OF ORNAMENTAL 
STRUCTURAL COLORATION IN BIRDS: A META-ANALYSIS 
 
 Colorful ornaments have been well-studied as sexually- or socially-
selected signals of quality. These ornaments often are influenced by or 
correlated with measures of individual condition, such as body condition, 
parasite infestation, immune system quality, or diet, providing an honest 
signal of condition. Meta-analyses focusing on well-studied bird coloration 
have shed light on the general pattern of condition-dependence of the two 
most common pigments in animal integument, and have found that 
carotenoid and melanin coloration in birds is condition-dependent based on 
published studies. Here, we use meta-analyses to examine general support 
for the condition-dependence of the other main type of coloration in animals, 
structural coloration, and we compare the condition-dependence of the three 
main types of structural coloration (white, UV-blue, and iridescent). Among 
58 published journal articles on 31 species of birds, we found that structural 
coloration is significantly condition-dependence, and that all 3 types of 
structural colors are significantly and equally condition-dependent. While 
studies of the development of structural colors have found that the final 
nanostructural organization in bird feathers is self-assembled, the precise 
costs in materials and otherwise setting the stage for self-assembly are 
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unknown and require further investigation, especially given the robust 
pattern of condition-dependence established by the published studies 
amalgamated in our meta-analysis.   
 
Introduction 
 Ornaments including behaviors, songs, brilliant colors, or structures 
that are used to mediate social interactions (i.e., mate selection, aggressive 
interactions, and offspring-parent interactions) may be used to signal aspects 
of individual condition (Andersson 1994). Color patches are among the best 
understood in terms of their costs to produce and their efficacy of quality-
indicating signals (Zahavi 1975; Hamilton & Zuk 1982; Andersson 1994). 
Most attention has been paid to the condition-dependence and signaling role 
of carotenoid- and melanin-based pigmentary colors, which have well-
understood costs and benefits to their bearers (Hill & McGraw 2006a; Hill & 
McGraw 2006b; Griffith et al. 2006; Meunier et al. 2011). However, recent 
work has increased our understanding of the mechanisms and specific 
constraints on producing structural colors, and the number of studies 
investigating and demonstrating the condition-dependence of structural 
colors is increasing (detailed below). Combining these studies using a 
quantitative, meta-analytical approach, we can now come to a broader, more 
informed understanding of the condition-dependence of structural colors 
and thus their efficacy as reliable signals of quality to conspecifics.    
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 Griffith and colleagues (2006) examined the condition-dependence of 
the well-studied pigments melanin and carotenoids in avian plumage using a 
meta-analytic approach. Carotenoids, which absorb middle light wavelengths 
and appear red, orange, or yellow (to humans, but birds also perceive a peak 
in the ultraviolet portion of the spectrum; Bennett et al. 1994), and melanins 
which absorb more equally across wavelengths and appear brown, rusty, or 
black, are very well established in the literature as mediators of social 
interactions that are often condition-dependent (reviewed in McGraw 2006; 
Griffith et al. 2006; McGraw 2008). Carotenoid pigments in particular are 
among the best studied condition-dependent signals because they cannot be 
produced de novo, are costly to obtain, and they boost health in addition to 
making individuals colorful when deposited in the integument (McGraw 
2006). The aforementioned meta-analysis found that both carotenoid and 
melanin pigmentary colors were condition-dependent in birds (although an 
updated analysis is needed in light of many more studies and a more 
advanced understanding of the costs of melanins; McGraw 2008; Meunier et 
al. 2011). While Griffith’s meta-analysis examined the general condition-
dependence of the two most common pigment-based colors in animals, the 
other major class of animal colors, those produced by the interaction of light 
with photonic nanostructures (Prum 2006), should be examined in the same 
way.  It has been suggested that producing precisely spaced, sized, and 
aligned optical nanostructures with the appropriate amount of structural 
materials (e.g., melanin, keratin, air) may be expensive in terms of materials 
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and energy (Prum 2006; McGraw 2008; Maia et al. 2011; Meadows et al. in 
press). While our understanding of the precise mechanisms of production of 
structural colors is still in its infancy, there are now a sufficient number of 
studies on the condition-dependence of sexually-selected structural colors 
that we may examine their condition-dependence in birds using a similar 
meta-analytical approach as that employed by Griffith and colleagues (2006). 
Like Griffith, we confine our analysis to studies examining the condition-
dependence of integumentary colors in birds because they have been best 
studied to date in this class and involve similar materials and developmental 
pathways that can be readily lumped together and compared. In addition to 
examining the general pattern of condition-dependence of structural colors, 
we also investigate here the condition-dependence of the different types of 
structural colors. 
  There are three main classes of structural colors on which we focus 
our attention here that appear in bird feathers differing in the organization, 
types, and location of optical structures: incoherently scattered white, 
coherently scattered UV-blue, and highly directional iridescence (Prum 
2006). The regularity and order of the spacing in three-dimensional space 
determines whether reflectance by structurally colored integument will be 
coherent or if it will be the same when lighted and observed from any 
direction. Among coherently scattering structural colors, the reflected color 
hue, chroma, and brightness are dependent upon the spacing and refractive 
indices of nanostructural elements (Shawkey et al. 2003; Doucet et al. 2006). 
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In birds, white structural colors are formed in feathers by spongy keratin and 
air in the barb cortex in which air pockets are of various sizes, resulting in no 
appreciable structural order and incoherent scattering of incident light. 
Plumage colors that have a distinct hue (i.e., are not white) that appears the 
same from various lighting and viewing angles are formed by quasi-order 
within the spongy keratin-air barb cortex, often with underlying melanin that 
serves to absorb any incoherently scattering light (Prum 2006; Shawkey and 
Hill 2006; Noh et al. 2010). Usually quasi-ordered structural colors are short-
wavelength colors, often having peak reflectance in the ultraviolet (UV) or 
blue range (Doucet & Meadows 2009). The third class of structural coloration 
in bird feathers, iridescence, results from laminar or hexagonal arrays of 
structural elements with different refractive indices (Prum 2006). In bird 
feathers, these arrays are often melanin granules (melanosomes), which can 
be solid or hollow and filled with air, arranged in a “bricks and mortar” 
fashion within a matrix of keratin. In many cases when an iridescent sheen 
overlies black coloration, such as the iridescent feathers of blue-black 
grassquits (Volatinia jacarina), iridescent color is a function of the thickness 
of a keratin layer overlaying a layer of melanosomes (Doucet et al. 2006; 
Maia et al. 2009). Rather than being produced in feather barbs, iridescent 
colors are produced by structures within feather barbules (Prum 2006). 
Finally, structural colors often occur in birds’ bare parts, such as the beak and 
skin as well. In skin, structural coloration results from hexagonal arrays of 
collagen fibers (Prum & Torres 2003a). 
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 In addition to differences in their structure and appearance, the three 
types of avian structural colors also differ in their development based on 
recent research, and thus may potentially differ in their condition-
dependence or their sensitivity to specific types of challenges. For example, 
the processes governing the organization of nanostructural elements in both 
UV-blue quasi-ordered barb nanostructures and thin-film iridescent colors 
involve self-organization at their final stages (Dufresne et al. 2009; Prum et 
al. 2009; Maia et al. 2012). However, the specific self-organizing processes 
involved (phase separation and depletion attraction) are distinct and the 
processes, as well as their costs in energy and materials, leading up to self-
organization following cell death are likely distinct as well.  
 Because avian structural colors are produced by three mechanisms 
distinct in their appearance, structure, area of the feather, and development, 
it follows that each type of structural coloration should be examined 
separately in terms of its condition-dependence. Because of these different 
mechanisms, each color type may differ in its value as a potential quality 
signal. Thus, here we use a meta-analytical approach to examine the overall 
effect size of published correlations and experiments examining the 
condition-dependence of structural colors in birds as a whole, and then we 
compare the condition-dependence of the three types of structural plumage 
coloration with one another and examine their individual condition-
dependence.  
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Methods 
 We searched the literature through February 2012 using ISI Web of 
Science and Google Scholar for all studies on the condition-dependence of 
avian structural colors. We used two criteria for including a given study in 
the meta-analysis (Griffith et al. 2006): 1) Because we are interested in the 
functional role of condition-dependent coloration in sexual and social 
signaling, we included only colors having a probable or demonstrated 
signaling role. Nestling colors were included when they had an impact on 
provisioning decisions of parents or were retained by adults during their 
first breeding season. In adults, colors were included that are sexually 
dichromatic, are associated with assortative mating, or affect social 
interactions. 2) The measure of condition reported had to reflect physical 
condition or be a manipulation of condition. For example, we included 
measures of body mass, mass/structural size ratios, parasite infection, 
immune function, egg mass (in females only), and measures of nestling 
feeding rate or size, assuming that a bird in better condition can feed 
nestlings more (Griffith et al. 2006). When published papers did not include 
the full results of statistical tests (e.g., providing only P > 0.05) or when 
models contained composite color scores for different types of coloration, we 
contacted authors to obtain the full results of non-significant tests to include 
in the meta-analyses. In some cases when we could not make contact with an 
author and obtain the necessary data, studies that otherwise met our criteria 
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were left out of the analysis. However, we tested for publication bias and 
report the number of zero-effect results that would be needed to negate the 
results of our analyses (Rosenthal 1979; Rosenberg et al. 1999). 
 We found 58 published journal articles containing studies that fit 
these criteria. Within these papers, 132 different studies were performed in 
which correlations were run between structural coloration and various 
condition measures, with 31 species being represented from 10 of the 29 
avian orders (Passeriformes, Struthioniformes, Sphenisciformes, Galliformes, 
Psittaciformes, Coraciiformes, Anseriformes, Charadriiformes, Apodiformes, 
and Trochiliformes). Hereafter, we refer to the collapsed effect size of each 
individual condition measure on all measured aspects of one type of 
structural color as a “study” (i.e., a correlation between parasite infection and 
chroma, hue, brightness and patch size in one journal article would be 
collapsed into one effect size). Thirteen of the 31 species were passerines, 
highlighting the future need to examine the condition-dependence and role 
in signaling of coloration in non-passerines (although half of all avian species 
are passerines). In some species, multiple types of structural color were 
studied. Fifty four studies on 10 species were conducted on UV-blue non-
iridescent coloration (Table 1), 45 studies on 13 species were on white 
coloration resulting from incoherent scattering (Table 2), 29 studies on 11 
species were on iridescent coloration (Table 3), and 4 studies were on 3 
species with bare part (skin and beak) coloration, which were considered 
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separately because they utilize different materials and developmental 
pathways that feathers (Table 4).  
 We performed a meta-analysis including all aforementioned studies to 
examine the evidence for the condition-dependence of structural coloration 
as a whole. We then performed a categorical meta-analysis including color 
type (UV-blue, white, and iridescent plumage coloration) so that we could 
examine the condition-dependence of each color type separately and 
compare the condition-dependence of the color types with one another. We 
did not include bare-part color in this analysis because there are so few 
published studies of this type of color compared to plumage colors. Following 
Griffith et al. (2006), each analysis was performed both “per-study”, in which 
the effects of each condition measurement or manipulation on various color 
parameters (if multiple variables were measured) were collapsed in the 
calculation of effect size, and “per-species”, in which the effect sizes for all 
measures of condition on all measures of coloration for a given species, even 
across separate publications, were collapsed to give a single effect size per 
species. This analysis gives equal weight to species regardless of how 
frequently they have been studied.  
 All meta-analyses, conversions of test statistics, and examinations of 
publication bias were performed using MetaWin software, version 2.0 
(Rosenberg et al. 1999). We converted all test statistics reported in each 
study into correlation coefficients (Rosenthal 1991, Rosenberg et al. 1999; 
Tables 1-4), and the r statistics and sample sizes were used to calculate 
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combined weighted correlation coefficients for each study and each species. 
Weighted correlation coefficients were used to calculate effect sizes using 
Fisher’s z-transformation (Zr; Fisher 1928; Rosenthal 1991). The Zrs for 
studies and species were then used to calculate cumulative effect sizes (E) 
and 95% confidence intervals generated with 9999 iteration bootstrapping 
for the condition-dependence of structural color (Rosenberg et al. 1999). A 
confidence interval overlapping with zero indicates that the effect is not 
statistically significantly different from a null model (no effect; Rosenberg et 
al. 1999). We used random-factor rather than fixed-effect models to 
incorporate the inherent variability expected among species and condition 
measures (Rosenberg et al. 1999), but results were qualitatively the same 
when run as fixed-effects models.  
 We conducted a categorical meta-analysis to examine whether there 
were differences among effect sizes for the condition-dependence of UV-blue, 
white, and iridescent plumage coloration. We examined variation in group 
cumulative effect sizes in the model (QM) against a Χ2 distribution to 
determine whether the condition-dependence of each type of coloration was 
significantly different from the others (Rosenberg et al. 1999). 
 Finally, because there is often a tendency to selectively publish 
positive results (i.e., "the file drawer problem"; Rosenthal 1979), we tested 
for publication bias using a rank correlation between sample size and effect 
size (Rosenberg et al. 1999). We used Rosenthal’s fail-safe method to 
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calculate the number of zero-effect-size studies that would be needed to 
make the cumulative effect non-significant at α = 0.05 (Rosenthal 1979). 
  
Results 
 In the full dataset (132 correlations and experimental results 
examining links between structural color and condition in 58 published 
papers on 31 species), we found that ornamental structural colors in birds 
were significantly condition-dependent, both per-study (E = 0.29, bias-
corrected 95% confidence interval = 0.23 – 0.67) and per-species (E = 0.23, 
bias-corrected 95% confidence interval = 0.18 – 0.30).  
 Comparisons among the different types of structural colors in 
plumage showed that there are no significant differences in the degree of 
condition-dependence among UV-blue barb, white barb, or iridescent 
barbule coloration (per-study QM Χ2 = 2.91, P = 0.233; per-species QM Χ2 = 
2.18, P = 0.336). All three color types were condition-dependent when 
examined on both per-study or per-species bases (Table 5, Figure 1). 
 We found evidence of significant publication bias among studies (per-
study rs = -0.41, P < 0.001; per-species rs = -0.475, P = 0.003). However, 
Rosenthal’s fail-safe numbers indicate that results for an additional 3008 
studies and 1109 species, respectively, would need to be published with an 
effect size of zero to cause the results of our meta-analyses to be non-
significant, indicating a robust pattern of condition-dependence for avian 
structural colors.    
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Discussion 
 Effect sizes of published studies indicate that ornamental structural 
coloration in birds is indeed a condition-dependent trait. Further, the 
categorical meta-analysis indicates that each type of structural coloration in 
plumage is equally condition-dependent. Thus, the hypothesis that structural 
colors contain information about quality that could act as a signal during 
social interactions has received substantial support based on the results of 
individual studies and the cumulative results of all studies conducted to date. 
This conclusion is similar to that obtained by Griffith and colleagues (2006), 
who found that carotenoid and melanin pigment-based colors are both 
condition-dependent in birds. Another meta-analysis on avian melanin 
pigmentation found that melanin patch size rather than melanin color 
metrics was related to fitness parameters in sexually-dimorphic species 
(Meunier et al. 2011). Thus, in combination, these results suggest that all of 
the most common types of color in avian integument are condition-
dependent or related to fitness in some way when considered as a general 
pattern across species, although considerable variation exists across species 
in terms of which types of color are quality-indicating and what aspects of 
quality they reflect.  
 The evidence that structural colors reflect an individual’s condition 
seems to go against recent results suggesting that such the nanostructural 
organization of such colors is cheap to produce. Maia and colleagues (Maia et 
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al. 2012) examined developing barbules in an iridescent bird included within 
this meta-analysis, the blue-black grassquit (Volatinia jacarina). Based on the 
sequence of development of the organization of melanosomes within the 
keratin matrix, they show that the structures resulting in thin-film 
iridescence in this bird species are self-assembled via depletion-attraction 
forces occurring after the death of the barbule cell, making it unlikely that 
final organization of structural elements is an energetically expensive 
process. However, by comparing iridescent males with non-iridescent 
females, the organization of nanostructural elements appeared to be affected 
by the shape of the barbule, size of melanosomes, melanosomes density, and 
homogeneity of melanosomes distribution prior to cell death. In addition, 
factors such as the concentration of keratin and the rate of keratinization 
likely affect depletion attraction. This may explain why all three studies 
conducted to date examining the relationship between feather growth and 
iridescence, including studies on the blue-black grassquits examined above, 
have shown that individuals that grow their feathers more quickly have more 
exaggerated iridescent coloration (blue-black grassquits: Doucet 2002; Maia 
& Macedo 2011 and satin bowerbirds Ptilonorhynchus violaceus: Doucet & 
Montgomerie 2003). In these birds, melanin affects iridescence by defining 
the thickness of the keratin thin film that produces iridescence (Doucet et al. 
2006; Maia et al. 2009). Thus, structural colors may be particularly affected 
by factors like protein quantity and regularity in the diet. This may be 
important for producing the proper amount of keratin protein, specific amino 
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acids that are the precursors of melanin and could affect melanosome size 
and concentration, or other factors that affect the production and 
maintenance of these structures. Iridescent color produced by laminar arrays 
of hollow melanosomes that act as optical structures, as in Anna’s 
hummingbirds (Greenewalt et al. 1960), have not been investigated in terms 
of their development or dependence on feather growth rate. However, 
laminar iridescent colors are affected by dietary protein in Anna’s 
hummingbirds and other factors associated with regrowth of feathers in 
captivity (Meadows et al. in press). 
 Similarly, the organization and sizes of keratin bars and air channels 
in UV-blue barbs appears to be determined by phase-separation self-
assembly during the polymerization stage of keratinization (Dufresne et al. 
2009; Prum et al. 2009). Like iridescent colors, UV-blue colors reflect feather 
growth rate in all species studied to date, including blue grosbeaks (Passerina 
caerulea; Keyser and Hill 1999), blue tits (Cyanistes caeruleus; Griggio et al. 
2009), great tits (Parus major; Hegyi et al. 2007), and Florida scrub-jays 
(Aphelocoma coerulescens; Siefferman et al. 2008). By contrast, white 
coloration was not affected by feather growth rate in blue-black grassquits 
(Maia and Macedo 2011) or blue tits (Griggio et al. 2009) in studies that 
simultaneously found an effect of feather growth rate on iridescent or UV-
blue coloration, respectively. However, McGlothlin and colleagues (2007) 
documented an effect of feather growth rate on white patch size and 
brightness in dark-eyed juncos (Junco hyemalis). In any case, results showing 
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that the late-stage organization of nanostructures is self-assembled does not 
indicate that the production of structural colors is entirely free of cost in 
terms of materials required, cellular chemistry, hormones, and other 
production costs that might set the stage for self-assembly (Maia et al. 2012), 
and earlier stages in feather development need to be studied. Structural 
colors also can carry social costs (Meadows and McGraw, in review), 
decreased hydrophobicity (Eliason & Shawkey 2011), and are particularly 
susceptible to damage such as abrasion (Griggio et al. 2011; Meadows et al. in 
press) and by keratinophylic bacteria (Shawkey et al. 2007). Barb colors 
including UV-blue quasi-ordered structures and white incoherent scattering 
structures require further study to better understand the specific 
requirements for their production. 
 While we have learned a great deal about the condition-dependence 
of structural colors and can broadly conclude that they are, on average, 
condition-dependent, gaps in the literature still exist. For example, only two 
published papers have examined the condition-dependence of structurally 
colored bare parts in the skin of nestlings of alpine swifts (Apus melba) and 
European starlings (Sturnus vulgaris) (Bize et al. 2006) and of UV-reflective, 
structural color in the beak of king penguins (Aptenodytes patagonicus; Dresp 
et al. 2005; Dobson et al. 2008). Effect sizes in these studies were large 
(Table 4), suggesting that examining the condition-dependence of bare-part 
structural colors and that of nestling structural coloration could be a 
particularly interesting endeavor. 
16 
 Additionally, more experimental studies are needed to provide clear 
cause-and-effect links between manipulations of condition and structural 
color expression. Of the 29 species that have been studied to date, only 9 
species have had their condition experimentally manipulated in some way to 
examine effects on structural color. Of these, in 13 publications out of 15, 
structural coloration was affected by the manipulation (Gustafsson et al. 
1995; Griffith & Sheldon 2001; McGraw et al. 2002; Hill et al. 2005a; 
Siefferman & Hill 2005a; Siefferman & Hill 2005b; Shawkey et al. 2007; 
McGlothlin et al. 2007; Jacot & Kempenaers 2007; Griggio et al. 2009; Parejo 
et al. 2010; Doutrelant et al. 2012; Meadows et al. in press). In blue tits, UV-
blue crown coloration is affected in females by being forced to re-nest after 
experimental removal of the first clutch (Doutrelant et al. 2012), by brood 
size manipulation in nestling plumage (Jacot & Kempenaers 2007), and by 
length of molt time in nestling plumage (Griggio et al. 2009), but not by diet 
treatment (Peters et al. 2011). White cheek color in blue tits is not influenced 
by either diet quality (Peters et al. 2011) or molt speed (Griggio et al. 2009), 
and there is conflicting evidence for the effect of brood size manipulation on 
nestling white forehead patch size in collared flycatchers (Ficedula albicollis; 
Gustafsson et al. 1995; Qvarnstrom 1999a). Thus, all types of structural 
colors are not affected universally by all aspects of health and condition, even 
within the same species, and some populations may be affected while others 
are not. This is not surprising given the different materials required to 
produce, for example, UV-blue and iridescent colors and the different level of 
17 
organization required for UV-blue compared to white feathers. Priorities for 
future research on the condition-dependence of structural colors should 
include using carefully designed factorial manipulations of multiple condition 
parameters and additional studies on the developmental pathways necessary 
for producing different types of structurally colored feathers. 
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Table 1. Studies of the condition dependence of UV-blue barb coloration. 
 
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Bluethroat  
Luscinia svecica svecica Smiseth et al. 2001 
Body condition 
(mass/tarsus residuals) Blue brightness r = 0.13 0.54 0.13 -0.055 -0.029 
   Blue chroma r = -0.14 0.48 -0.14   
   
Blue hue (lambda 
max) r = 0.09 0.66 -0.09    
   
Blue hue (lambda 
slope) r = 0.12 0.55 -0.12    
  Nestling feeding rate Blue brightness r = 0.07 0.71 0.07 -0.048  
   Blue chroma r = -0.10 0.61 -0.10    
   
Blue hue (lambda 
max) r = 0.12 0.55 -0.12    
   
Blue hue (lambda 
slope) r = 0.04 0.82 -0.04    
 Pärn et al. 2005 
Cell-mediated 
immune challenge 
(females) 
Blue patch size B' = 0.11 0.47 0.11 0.110  
Blue Grosbeak 
Passerina caerulea Keyser & Hill 1999 Feather growth rate 
Composite blueness 
score (breast) rs = 0.28 0.04 0.28 0.1005 0.079 
     
% blue feathers 
(breast) rs = 0.35 <0.01 0.35    
     
Wavelength of max 
reflectance (breast) rs = -0.32 <0.05 -0.32    
   
% reflectance at 
peak (breast) rs = -0.02 >0.05 -0.02   
   
Max-min reflectance 
(breast) rs = -0.06 >0.05 -0.06   
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Table 1 (Continued) 
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue Grosbeak 
Passerina caerulea 
(continued) 
Keyser & Hill 1999 
(continued) 
Feather growth rate 
(continued) 
Wavelength of max 
slope (breast) rs = -0.20 >0.05 -0.2    
     
Composite blueness 
score (rump) rs = 0.41 0.002 0.41    
     
% blue feathers 
(rump) rs = 0.48 <0.001 0.48    
     
Wavelength of max 
reflectance (rump) rs = -0.37 <0.01 -0.37    
     
% reflectance at 
peak (rump) rs = 0.39 <0.01 0.39    
     
Max-min reflectance 
(rump) rs = 0.37 <0.01 0.37    
     
Wavelength of max 
slope (rump) rs = -0.1 >0.05 -0.1    
 Keyser & Hill 2000 Body fat score Composite blueness 
score (breast) rs = -0.12 0.38 -0.12 -0.150  
    
Composite blueness 
score (rump) rs = -0.18 0.2 -0.18    
  First nest feeding rate Composite blueness 
score (breast) rs = 0.32 0.398 0.32 0.2667  
   
Composite blueness 
score (rump) rs = 0.66 0.055 0.66    
   
Peak wavelength 
(rump) rs = -0.51 0.162 -0.51   
   % blue (rump) rs = 0.04 0.289 0.04   
    Intensity (rump) rs = 0.58 0.104 0.58   
   Contrast (rump) rs = 0.51 0.162 0.51    
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Table 1 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue Grosbeak 
Passerina caerulea 
(continued) 
Keyser and Hill 2000 
(continued) 
Later nests feeding 
rate 
Composite blueness 
score – breast rs = 0.08 0.776 0.08 0.115  
   
Composite blueness 
score – rump rs = 0.15 0.59 0.15   
Eastern Bluebird Sialia 
sialis 
Siefferman & Hill 
2005c 
Female incubation 
provisioning Plumage brightness F = 7.6 0.01 0.48 0.476 0.146 
 
Siefferman & Hill 
2005b 
Body condition 
(mass/tarsus resid.) 
(females) 
Rump color (PC1) F = 0.22 0.64 0.03 0.060  
     Tail color (PC1) F = 1.75 0.19 0.09    
  Diet Manipulation PC1 of rump 
coloration (f) Z = 2.32 0.02 0.62 0.620  
 
Siefferman & Hill 
2005a 
Nestling feeding rate 
(prior breeding 
season) 
Rump brightness r = -0.5 0.02 0.50 0.163  
   Rump UV chroma r = -0.12 0.61 0.12    
   Rump hue r = -0.13 0.59 -0.13    
  
Reproductive 
investment Change in rump hue t = 0.39 0.7 0.08 0.226  
   
Change in rump UV 
chroma t = 0.95 0.33 0.19   
   
Change in rump 
brightness t = 2.26 0.026 0.41   
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Table 1 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Eastern Bluebird Sialia 
sialis (Continued) 
Shawkey et al. 2007 
 
Bacteria load Rump hue r = 0.05 NS 0.05 0.140  
   Rump UV chroma r = -0.02 NS -0.02   
   Rump brightness r = 0.50 <0.05 0.50   
   Rump saturation r = 0.03 NS 0.03   
  
Feather-degrading 
bacteria load Rump hue r = -0.05 NS -0.05 0.020  
   Rump UV chroma r = -0.13 NS -0.13   
   Rump brightness r = 0.16 NS 0.16   
   Rump saturation r = 0.10 NS 0.10   
  
Innoculated with 
feather-degrading 
bacteria 
Rump hue t = 1.65 0.12 0.35 0.511  
   Rump UV chroma t = 3.56 <0.01 0.63   
   Rump brightness t = 2.95 <0.01 0.56   
   Rump saturation t = 2.5 0.02 0.50   
Azure-winged magpie 
Cyanopica cyanus 
Avilés et al. 2008 
 
Body condition 
(mass/tarsus resid.) - 
All year 
Wing secondary 
covert blueness 
(PC1) 
F = 0.05 0.82 0.03 0.027 0.110 
  
Body condition 
(mass/tarsus resid.) - 
Non-breeding 
Wing secondary 
covert blueness 
(PC1) 
F = 4.67 0.049 0.51 0.514  
Mountain Bluebird 
Sialia currucoides Balenger et al. 2007 
Body condition 
(mass/tarsus) Rump color (PC1) r = 0.01 0.86 0.01 0.010 0.073 
  Mass Rump color (PC1) r = 0.06 0.49 0.06 0.060  
  Wing length (size) Rump color (PC1) r = 0.24 0.01 0.24 0.240  
  
Nestling feeding rate 
(early) Rump color (PC1) r = 0.09 0.49 0.09 0.090  
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Table 1 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Mountain Bluebird 
Sialia currucoides 
(continued) 
Balenger et al. 2007 
(continued) 
Nestling feeding rate 
(late) Rump color (PC1) r = -0.12 0.34 -0.12 -0.120  
  Brood growth rate Rump color (PC1) r = 0.07 0.65 0.07 0.070  
Blue Tit 
Cyanistes caeruleus Harper 1999 Mite load 
Crown blueness 
rank rs = -0.47 <0.0038 0.47 0.471 0.192 
  Mite load (females) Crown blueness 
rank rs = -0.47 >0.0038 0.47 0.468  
  
Pectoral muscle 
thickness 
Crown blueness 
rank rs = 0.30 >0.0038 0.30 0.296  
  
Pectoral muscle 
thickness (females) 
Crown blueness 
rank rs = -0.07 >0.0038 -0.07 -0.069  
 Johnsen et al. 2003 Nestling mass (males 
and females) Tail chroma X
2
 = 10.74 0.001 0.39 0.258  
    Tail hue X2 = 1.55 0.21 0.15   
 Delhey et al. 2006 Body size (tarsus) Change in crown hue winter to spring F = 7.94 0.007 0.36 0.228  
   
Change in crown 
UV chroma winter 
to spring 
F = 0.55 0.459 0.10   
  
Body mass change 
winter to spring 
Change in crown 
hue winter to spring F = 2.69 0.107 0.22 0.263  
   
Change in crown 
UV chroma winter 
to spring 
F = 5.68 0.019 0.31   
 Doutrelant et al. 2012 Forced to renest by 
removal of 1st clutch  
Increase in crown 
hue towards the UV F = 6.1 0.019 0.41 0.411  
  
2nd Clutch size in 
manip females 
Increase in crown 
hue towards the UV F = 7.06 0.01 0.49 0.493  
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Table 1 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue Tit 
Cyanistes caeruleus 
(continued) 
Doutrelant et al. 2012 
(continued) 
Body size (tarsus) in 
manip females 
Increase in crown 
hue towards the UV F = 0.35 0.56 0.14 0.138  
  
Mass in manip 
females 
Increase in crown 
hue towards the UV F = 0.17 0.68 0.09 0.094  
 Galvan 2011 FA (difference in tail feather length) 
Crown color PC1 
(visual model) t = 2.19 0.036 0.36 0.192  
   
Crown color 
brightness index F = 0.02 0.881 0.03   
  
Body condition mass/ 
tarsus3 
Crown color PC1 
(visual model) F = 0.73 0.399 0.16 0.166  
   
Crown color 
brightness index F = 0.92 0.344 0.18   
  Nestling body mass Crown color PC1 (visual model) F = 1.059 0.317 0.24 0.284  
   
Crown color 
brightness index F = 2.262 0.150 0.33   
  Nestling condition Crown color PC1 (visual model) F = 0.687 0.418 0.19 0.237  
   
Crown color 
brightness index F = 1.553 0.229 0.28   
  
Nestling fledging 
success 
Crown color PC1 
(visual model) F = 2.694 0.111 0.29 0.308  
   
Crown color 
brightness index F = 3.63 0.066 0.33   
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Table 1 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue Tit 
Cyanistes caeruleus 
(continued) 
Griggio et al. 2009 
Forced to molt 
quickly vs. slowly by 
day length change 
Crown PC1(higher 
red and green 
chroma, lower UV 
chroma) 
F = 52.735 <0.0001 0.83 0.593  
   
Crown PC2 (higher 
blue chroma and 
brightness) 
F = 0.117 0.736 0.07   
   Crown hue F = 35.142 <0.001 0.77   
   Crown brightness F = 5.930 0.023 0.45   
   Crown UV chroma F = 27.649 <0.0001 0.73   
   
Crown green 
chroma F = 24.657 <0.0001 0.71   
 Peters et al. 2007 Body mass on day 13 Nestling tail brightness X
2
 = 5.33 0.021 0.13 0.133  
  Plasma protein levels Nestling tail UV 
chroma X
2
 = 19.05 <0.001 0.25 0.244  
   Nestling tail chroma X2 = 40.06 <0.001 0.36   
   Nestling tail hue X2 = 4.00 0.046 0.12   
 
Jacot & Kempenaers 
2007 
 
Brood size 
manipulation - effect 
on nestling coloration 
Tail brightness F = 0.64 0.42 0.04 0.074  
   Tail hue F = 0.31 0.58 0.03   
   Tail chroma F = 4.56 0.032 0.11   
   Tail UV chroma F = 4.26 0.039 0.11   
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Table 1 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue Tit 
Cyanistes caeruleus 
(continued) 
Peters et al. 2011 
Diet treatment 
(enhanced vs. 
subsistence diet) 
Crown UV chroma F = 0.75 0.39 0.16 0.204  
   Crown brightness F = 0.62 0.44 0.15   
   Crown hue F = 0.0 0.92 0.02   
   
Crown x relative 
cone quant. catch F = 4.31 0.05 0.37   
   
Crown y relative 
cone quant. catch F = 2.01 0.17 0.26   
   
Crown z relative 
Cone quant. catch F = 1.07 0.31 0.19   
   
Crown chromatic 
distance F = 2.00 0.17 0.26   
  
Body condition 
(Mass during molt) Crown UV chroma F = 0.96 0.34 0.20 0.157  
   Crown brightness F = 1.92 0.18 0.27   
   Crown hue F = 0.02 0.9 0.03   
   
Crown x relative 
cone quant. catch F = 0.07 0.79 0.05   
   
Crown y relative 
cone quant. catch F = 0.70 0.41 0.15   
   
Crown z relative 
Cone quant. catch F = 1.12 0.3 0.21   
   
Crown chromatic 
distance F = 0.95 0.34 0.18   
Great tit Parus major Hegyi et al. 2007 Feather growth rate Crown PC1 (brightness) F = 5.796 0.024 0.44 0.507 0.507 
    
Crown PC2 (UV 
reflectance) F = 11.729 <0.001 0.57     
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Table 1 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Budgreigar 
Melopsittacus undulatus Griggio et al. 2010 PHA response UV chroma r = 0.45 0.003 0.45 0.450 0.450 
European roller 
Coracias garrulus 
Parejo et al. 2010 
 
Methionine 
supplementation Belly color PC1 F = 4.03 0.048 0.22 0.180 0.147 
   Rump color PC1 F = 1.11 0.3 0.14   
 
Silva et al. 2008 
 
Body condition 
(mass/tarsus resid.) Head color PC1 F = 0.27 0.6 0.06 0.150  
   Head color PC2 F = 10.40 0.0019 0.35   
   Scapulars PC1 F = 0.11 0.74 0.04   
  
Clutch size (females 
only) Head color PC1 F = 0.01 0.92 0.02 0.019  
   Head color PC2 F = 0.03 0.87 0.03   
   Scapulars PC1 F = 0.00 0.95 0.01   
  
Nestling feeding rate 
(females) Head color PC1 F = 0.03 0.87 0.04 0.108  
   Head color PC2 F = 0.01 0.92 0.02   
   Scapulars PC1 F = 1.70 0.2 0.26   
  
Nestling feeding rate 
(males) Head color PC1 F = 7.71 0.01 0.50 0.245  
   Head color PC2 F = 0.57 0.46 0.17   
    Scapulars PC1 F = 0.09 0.77 0.07    
Florida Scrub-Jay 
Aphelocoma 
coerulescens 
Siefferman et al. 
2008 Feather growth rate Wing UV chroma F = 5.00 0.02 0.17 0.123 0.088 
   Wing hue F = 1.85 0.17 0.11   
   Wing brightness F = 1.25 0.27 0.09   
  Mass at 11 days Wing UV chroma F = 0.03 0.87 0.01 0.053  
   Wing hue F = 0.16 0.69 0.03   
    Wing brightness F = 2.10 0.15 0.11    
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Table 2. Studies of the condition dependence of white barb coloration 
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Pied Flycatcher 
Ficedula hypoleuca Pottii & Merino 1996 
Intensity of 
trypanosome 
infection 
White patch size rs = 0.11 0.11 0.11 0.11 0.231 
  
Intensity of 
trypanosome 
infection (females) 
White patch size rs = 0.44 0.3003 0.300 0.300 
 
   
Presence of white 
patch Z = 2.14     
  
Presence of 
trypanosome 
infection (females) 
Presence of white 
patch X
2
 = 10.2 0.232 0.232 0.232 
 
Common Eider 
Somateria mollissima Hanssen et al. 2006 
Mass loss during 
incubation (females) 
Patch size and color 
(PC1) F = 10.4 0.008 0.64 0.640 0.255 
 
  
Change in 
lymphocyte count 
(females) 
Patch size and color 
(PC1) F = 5.8 0.040 0.53 0.528  
 
Hanssen et al. 2008 
 
Immune challenge - 
Tetanus-diptheria 
vaccine (females) 
Wing bar whiteness 
size and color PC1 F = 4.41 0.045 0.37 0.375  
 
 
Brood size 
manipulation 
(females) 
Wing bar whiteness 
size and color PC1 F = 0.61 0.44 0.15 0.149  
  
Antibody response to 
diphtheria (females) 
Wing bar whiteness 
size and color PC1 F = 7.66 0.017 0.62 0.624  
 
 
Antibody response to 
tetanus (females) 
Wing bar whiteness 
size and color PC1 F = 0.27 0.61 0.15 0.148  
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Table 2 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Common Eider 
Somateria mollissima 
(continued) 
Lehikoinen et al. 
2010 Clutch size (females) 
Wing bar index 
(size) F = 1.80 0.18 0.29 0.294  
  
Body condition 
(females) 
Wing bar index 
(size) F = 0.12 0.73 0.19 0.188  
Collared Flycatcher 
Ficedula albicollis Qvarnstrom 1999b 
Change in early-
season body 
condition of fathers 
White patch size F = 0.14 0.91 0.07 0.072 0.184 
 Qvarnstrom 1999a Env. quality (fledgling condition) White patch size t = -1.241 0.22 0.06 0.065 
 
 
  
Fledgling condition 
(mass/tarsus resid.) White patch size t = 2.095 0.04 0.11 0.107 
 
 
 
Brood size 
manipulation - effect 
on nestling coloration 
Forehead patch size F = 0.465 0.63 0.05 0.050 
 
 
Gustafsson et al. 
1995 
Reproductive 
investment 
Forehead patch size 
(fathers) rs = 0.997 <0.0001 1.00 0.997 
 
 
 
Brood size 
manipulation - effect 
on nestling coloration 
Forehead patch size 
(sons) rs = 0.663 <0.02 0.66 0.663 
 
 
Griffith & Sheldon 
2001 
Reproductive 
investment 
Change in forehead 
patch width rs = 0.85 <0.03 0.85 0.650 
 
 
  
Change in forehead 
patch height rs = 0.45 >0.1 0.45  
 
 Torok et al. 2003 Body condition (mass/tarsus resid.) 
White wing patch 
size t = 0.525 0.6 0.03 0.076 
 
    Change in patch size t = 2.187 0.032 0.28   
 
Hegyi et al. 2008 
Clutch size during 
high NAO years 
(females) 
White patch size F = 4.27 0.042 0.21 0.212 
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Table 2 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue-black grassquit   
Volatinia jacarina 
Costa & Macedo 
2005 
Endoparasite 
infection White patch size rs =-0.15 0.08 0.15 0.150 0.084 
  Hematocrit White patch size rs = 0.09 0.22 0.09 0.090  
  Plasma protein level White patch size rs = -0.03 >0.5 -0.03 -0.030  
Barn Swallow       
Hirundo rustica Kose et al. 1999 Feather lice 
Area of outermost 
tail feather spots t = -2.51 0.016 0.34 0.327 0.251 
  
  
Area of all tail 
feather spots t = -2.34 0.024 0.32   
  Feather lice (females) Area of outermost tail feather spots t = -1.32 0.19 0.17 0.187  
  
  
Area of all tail 
feather spots t = -1.58 0.12 0.20   
Great Tit  
Parus major Galván 2010 
Body condition 
(mass/ tarsus3) 
Cheek color PC1 
(visual model - short 
vs. long reflectance) 
F = 7.05 0.013 0.46 0.196 0.196 
   Cheek color PC2 F = 0.022 0.883 0.03   
  
  
Cheek brightness 
Index F = 0.311 0.582 0.10   
Upland goose 
Chloephaga picta 
leucoptera 
Gladbach et al. 2011 
Male body condition 
(mass/ structural size 
PC1 residuals) 
Head brightness r = -0.40 0.769 -0.04 0.187 0.187 
  
 
Wing coverts 
brightness r = 0.124 0.367 0.12   
  
  
Contrast between 
white and iridescent r = 0.48 <0.001 0.48   
Rock Sparrow  
Petronia petronia 
Griggio et al. 2011 
 
Loss in mass in 
captivity over 3 
months 
Amount of white 
abraded (lost over 3 
months) 
r = 0.541 0.008 0.54 0.541 0.541 
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Table 2 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Ostrich 
Struthio camelus Bonato et al. 2009 
Humoral immune 
response to 
diphtheria 
White feather PC2 
(reflectance at green 
part of spectrum) 
F = 2.466 0.01 0.39 0.364 0.220 
  
 
White feather PC1 
(brightness) F = 1.847 0.245 0.34   
  
PHA response White feather PC1 (brightness) F = 0.063 0.818 0.07 0.168  
   
White feather PC2 
(reflectance at green 
part of spectrum) 
F = 1.090 0.092 0.27   
  
Tetanus response White feather PC1 (brightness) F = 0.004 0.957 0.02 0.119  
   
White feather PC2 
(reflectance at green 
part of spectrum) 
F = 0.713 0.487 0.22   
  
H:L ratio White feather PC1 (brightness) F = 0.681 0.447 0.22 0.231  
    
White feather PC2 
(reflectance at green 
part of spectrum) 
F = 0.913 0.383 0.25    
Dark-eyed junco  
Junco hyemalis 
McGlothlin et al. 
2007 
Diet treatment 
(subsistence seed diet 
vs. protein enriched 
diet) 
Tail white size F = 10.05 0.003 0.50 0.435 0.436 
   Tail brightness F = 4.71 0.04 0.37   
  Feather growth rate Tail white size F = 7.63 0.01 0.45 0.437  
    Tail brightness F = 6.58 0.02 0.42   
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Table 2 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
South polar skua 
Catharacta 
maccormicki 
Hanssen et al. 2009 
 
Mass change (males) White patch size F = 10.40 0.002 0.39 0.387 0.271 
 
  
Egg volume 
(females) White patch size F = 5.66 0.02 0.28 0.281  
  
Diptheria response 
(males and females) 
Both sex Whiteness 
PC1 F = 0.84 0.37 0.17 0.126  
   
Both sex White 
patch size F = 0.19 0.67 0.08   
  
Tetanus response Male Whiteness PC1 F = 7.08 0.029 0.69 0.283  
  
 
Both sex Whiteness 
PC1 F = 3.28 0.08 0.33   
    
Both sex White 
patch size F = 0.16 0.7 0.08   
House sparrow  
Passer domesticus 
Moreno-Rueda & 
Hoi 2012 
Number of feather 
holes caused by 
chewing lice 
White wing bar size r = 0.33 0.03 0.33 0.330 0.266 
  Body condition White wing bar size r = 0.17 NS 0.17 0.170  
 Moreno-Rueda 2005  
Number of feather 
holes caused by 
chewing lice (2000) 
White wing bar size r = 0.52 <0.02 0.52 0.520  
  
Number of feather 
holes caused by 
chewing lice (2001) 
White wing bar size r = 0.18 >0.2 0.18 0.180 
 
         
         
         
         
         
40 
Table 2 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue Tit 
Cyanistes caeruleus Griggio et al. 2009 
Forced to molt 
quickly vs. slowly by 
day length change 
White cheek 
PC1(higher red and 
green chroma, lower 
UV chroma) 
F = 0.128 0.724 0.07 0.154 0.141 
 
  
White cheek PC2 
(higher blue chroma 
and brightness) 
F = 1.715 0.203 0.26  
 
 
  White cheek hue F = 1.948 0.176 0.27  
 
   
White cheek 
brightness F = 0.414 0.526 0.13   
 
  
White cheek UV 
chroma F = 0.287 0.598 0.11   
 
  
White cheek green 
chroma F = 0.150 0.702 0.08   
 Peters et al. 2011 
Diet treatment 
(enhanced vs. 
subsistence diet) 
Cheek UV chroma F = 0.84 0.37 0.17 0.116  
   Cheek brightness F = 0.63 0.43 0.15   
  
 
Cheek x relative 
cone quant. catch F = 0.01 0.91 0.02   
   
Cheek y relative 
cone quant. catch F = 1.38 0.25 0.22   
   
Cheek z relative 
cone quant. catch F = 0.03 0.87 0.03   
  
 
Cheek chromatic 
distance F = 0.29 0.59 0.10   
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Table 2 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue Tit 
Cyanistes caeruleus 
(continued) 
Peters et al. 2011 
(continued) 
Body condition 
(Mass during molt 
controlling for tarsus) 
Cheek UV chroma F = 0.12 0.73 0.07 0.160 
 
   Cheek brightness F = 1.52 0.23 0.25   
  
 
Cheek x relative 
cone quant. catch F = 1.16 0.29 0.21   
  
 
Cheek y relative 
cone quant. catch F = 0.28 0.63 0.26   
   
Cheek z relative 
cone quant. catch F = 0.00 0.95 0.01   
  
  
Cheek chromatic 
distance F = 0.30 0.59 0.16   
         
 
 
 
 
 
 
 
 
 
42 
Table 3. Studies of the condition dependence of iridescent barbule coloration 
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue-black grassquit   
Volatinia jacarina 
Costa & Macedo 
2005 
Endoparasite 
infection 
Extent of blue-black 
color on body rs = -0.26 <0.01 0.26 0.119 
0.102 
 
    
Brightness of 
blue/black breast rs = -0.26 0.05 0.26    
    
Brightness of 
blue/black rump rs = 0.17 NS -0.17    
  Hematocrit Extent of blue-black 
color on body rs = 0.04 0.36 0.04 -0.017  
    
Brightness of 
blue/black breast rs = -0.14 >0.5 -0.14    
    
Brightness of 
blue/black rump rs = -0.02 >0.5 -0.02    
  Plasma protein levels Extent of blue-black 
color on body rs = -0.18 >0.5 -0.18 -0.118  
    
Brightness of 
blue/black breast rs = 0.03 0.43 0.03    
    
Brightness of 
blue/black rump rs = -0.14 >0.5 -0.14    
 Doucet 2002 Rate of feather growth 
Extent of blue-black 
color on body r = 0.64 0.04 0.64 0.672  
    PC1 wing coverts r = 0.72 <0.01 0.72   
    PC1 rump r = 0.65 0.03 0.65   
 Maia & Macedo 2011 
Molt rate (relative 
nuptial plumage 
cover over time) 
Iridescent plumage 
color saturation 
(PC2) 
F = 15.48 <0.001 0.52 0.519  
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Table 3 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Blue peafowl  
Pavo cristatus Moller & Petrie 2002 
Body condition 
(mass/tarsus 
residuals) 
Residual # of ocelli F = 0.38 0.54 0.12 0.171 0.096 
    
Residual diameter of 
ocelli F = 1.36 0.26 0.24    
  
Humoral immune 
challenge Residual # of ocelli F = 2.48 0.13 0.31 0.312  
  
Cell-mediated 
immune challenge Residual # of ocelli F = 0.58 0.46 0.16 -0.166  
    
Residual diameter of 
ocelli F = 7.21 0.013 -0.49    
  Immune cell count Residual # of ocelli F = 1.42 0.25 0.24 0.241  
Brown-headed cowbird 
Molothrus ater  McGraw et al. 2002 
Experimental diet – 
ad lib. vs. 
unpredictable 
Plumage hue Z = 1.86 0.05 0.48 0.579 0.579 
   Plumage saturation Z = 2.94 0.003 0.76   
    Plumage brightness Z = 1.93 0.04 0.50   
Wild turkey 
Meleagris gallopavo Hill et al. 2005 
Experimental 
coccidian parasite 
infection 
Wing PC1 X2 = 0.63 0.43 -0.22 0.297 0.297 
   Wing PC2 X2 = 6.72 0.009 0.58   
   Wing PC3 X2 = 0.07 0.79 0.07   
   Breast PC1 X2 = 5.76 0.016 0.55   
   Breast PC2 X2 = 1.52 0.22 0.32   
    Breast PC3 X2 = 3.54 0.059 0.46   
Tree swallow 
Tachycineta bicolor Bitton et al. 2008 Egg mass (females) Brightness (PC2) F = 5.27 0.03 0.48 0.476 0.381 
  
Fledging success 
(females) Hue (PC1) F = 6.61 0.01 0.35 0.345  
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Table 3 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Upland Goose 
Chloephaga picta 
leucoptera 
Gladbach et al. 2011 
Male body condition 
(mass/ structural size 
PC1 residuals) 
Speculum brightness 
(lower brightness) r = 0.37 0.006 0.37 0.387 0.387 
 
  
Speculum UV 
brightness (lower 
brightness = higher 
condition) 
r = 0.31 0.02 0.31  
 
 
   
Contrast between 
white and iridescent r = 0.48 <0.001 0.48   
Mallard Duck  
Anas platyrhynchos 
Legagneux et al. 
2010 
Body condition 
(mass/ size PC1 
residuals) 
Male speculum 
brightness contrast  F = 6.82 0.016 0.50 0.480 0.480 
   
Female Speculum 
brightness contrast  F = 6.89 0.018 0.54   
 
  
Female Color 
Contrast F = 3.36 0.084 0.41   
European Starling 
Sturnus vulgaris Komdeur et al. 2005 Body mass 
Male PC1 
(Iridescence length, 
Hue, Brightness)  
r = 0.305 >0.10 0.35 0.157 0.073 
 
  Male PC2 (Chroma) r = 0.026 >0.10 0.03  
 
 
  
Female PC1 
(Iridescence length, 
Hue, Brightness) 
r = 0.097 >0.10 0.10  
 
   
Female PC2 
(Chroma) r = 0.176 >0.10 0.18   
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Table 3 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
European Starling 
Sturnus vulgaris 
(continued) 
Komdeur et al. 2005 
(continued) 
Clutch size (females 
only) 
PC1 (Iridescence 
length, Hue, 
Brightness) 
X2 = 21.07 <0.001 0.68 0.375  
   PC2 (Chroma) X2 = 0.25 0.6183 0.07   
  Nestling feeding rate 
Male PC1 
(Iridescence length, 
Hue, Brightness) 
τ = -0.366 0.046 -0.37 -0.050  
 
  Male PC2 (Chroma) τ = -0.088 0.632 -0.09  
 
 
  
Female PC1 
(Iridescence length, 
Hue, Brightness) 
τ = 0.040 0.745 0.04  
 
   
FemalePC2 
(Chroma) τ = 0.049 0.816 0.05   
 
 Nestling mass 
Male PC1 
(Iridescence length, 
Hue, Brightness) 
r = -0.447 0.025 -0.45 -0.218 
 
 
  Male PC2 (Chroma) r = -0.274 0.184 -0.27  
 
 
  
Female PC1 
(Iridescence length, 
Hue, Brightness) 
r = -0.266 0.092 -0.27  
 
 
 
 
Female PC2 
(Chroma) r = 0.115 0.475 0.12   
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Table 3 (Continued)         
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Anna's hummingbird 
(Calypte anna) 
Meadows et al. in 
press 
Dietary protein 
manipulation Crown brightness F = 2.97 0.098 0.34 0.306 0.567 
   Crown red chroma F = 5.54 0.028 0.44   
   Crown hue F = 13.54 0.001 0.61   
 
  Crown directionality F = 3.03 0.095 0.34  
 
   Gorget brightness F = 0.03 0.859 0.04   
   Gorget red chroma F = 3.50 0.074 0.36   
 
  Gorget hue F = 1.65 0.212 0.26  
 
   Gorget directionality F = 0.09 0.770 0.06   
 
 
Regrowth of feathers 
in captivity Crown brightness F = 74.03 <0.001 0.87 0.827  
 
  Crown red chroma F = 143.61 <0.001 0.93  
 
   Crown hue F = 88.76 <0.001 0.89   
 
  Crown directionality F = 49.07 <0.001 0.83  
 
 
  Gorget brightness F = 21.46 <0.001 0.69  
 
   Gorget red chroma F = 125.38 <0.001 0.92   
 
  Gorget hue F = 68.79 <0.001 0.87  
 
    Gorget directionality F = 14.13 <0.001 0.62   
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Table 4. Studies of the condition dependence of bare parts coloration 
Species Source 
Measure or 
manipulation of 
condition 
Trait Statistic P Est. r Wt. r/ 
study 
Wt. r/ 
sp. 
Alpine Swift  
Apus melba Bize et al. 2006 
PC1 of nestling mass 
and sternum length 
UV chroma of 
nestling skin r = 0.78 <0.0001 0.78 0.780 0.780 
European Starling 
Sturnus vulgaris 
 
Bize et al. 2006 PC1 of nestling mass 
and tarsus length 
UV chroma of 
nestling skin r = 0.78 0.0018 0.78 0.780 0.780 
King penguin 
Aptenodytes 
patagonicus 
Dobson et al. 2008 Body mass  - early breeding females 
UV brightness of 
beak spot r = 0.50 0.03 0.50 0.500 0.471 
  
Body condition 
(Mass/ flipper 
residuals) - early 
breeding females 
UV brightness of 
beak spot r = 0.44 0.06 0.44 0.441  
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Table 5. Effect sizes and 95% bias-corrected confidence intervals for each color 
type analyzed per study or per species. 
 
Plumage Color Type Number of 
studies/ species 
Effect Size 95% Confidence 
Interval 
Per Study    
      UV-blue barb 54 0.21 0.16 to 0.26 
      White barb 45 0.35 0.24 to 0.57 
      Iridescent barbule 29 0.29 0.16 to 0.43 
Per Species    
      UV-blue barb 10 0.16 0.10 to 0.26 
      White barb 13 0.24 0.19 to 0.30 
      Iridescent barbule 11 0.25 0.09 to 0.41 
A 
B 
B 
Figure 3. Confidence intervals for the condition
of plumage structural coloration (white barb, iridescent barbule, and UV
barb) and the overall condition dependence of structural colors, examin
per study or type of measurement (A) and per species (B).
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Chapter 2 
 
ACQUIESCENCE VIA IRIDESCENCE: MORE COLORFUL MALE ANNA’S 
HUMMINGBIRDS (CALYPTE ANNA) LOSE FIGHTS AND RECEIVE INCREASED 
AGGRESSION 
 
 Colorful ornaments, especially those resulting from pigments, often 
serve as status signals during aggressive interactions among individuals 
competing for mates or other resources. Iridescent color signals have rarely 
been studied in the context of status signaling, and the signal content of 
striking iridescent ornaments in hummingbirds has not been previously 
explored. We examined whether the size and color of iridescent plumage 
patches mediate competitions during the breeding season in male Anna’s 
hummingbirds (Calypte anna) by conducting a series of 3 studies in which 
pairs of unfamiliar birds competed over food in an outdoor arena. We 
predicted that more ornamented birds (i.e., with larger or more colorful 
plumage patches) would win contests, and that contest duration would be 
shortened by larger differences between opponents in these potential 
dominance signals. However, more ornamented males consistently lost 
contests, and that the difference between opponent ornamentation did not 
predict contest duration. We also found that more colorful losers were 
chased for a significantly longer duration by their opponents. Experimentally 
reduced ornamentation (crown ornament size) of one opponent did not 
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affect contest win/loss outcome, but the duration of chasing by the winner 
was positively related to the experimental, and not natural, length of the 
loser’s crown. We conclude that, rather than acting as a traditional badge of 
status, increased ornamentation leads to increased opponent aggression 
during contests, and that less ornamented males may be adopting a “best-of-
a-bad-job” strategy to attempt to procure more territorial resources for the 
attraction of females or future increased ornamentation. 
 
Introduction 
 Competitions over limited resources such as food or mates can be 
extremely costly, leading to energy depletion, injury, or even death (Rohwer 
1975; Rohwert 1982; Moore et al. 2002; Tibbetts & Dale 2004). To mitigate 
this cost, many animals have evolved status signals that reflect their fighting 
ability and can be used by potential opponents to weigh the costs and 
benefits of fighting (Rohwert 1982; Maynard Smith & Harper 1988). The 
evolution of these signals is favored because both opponents benefit by 
minimizing overt aggression. Usually, more ornamented individuals are 
predicted to win contests because the ornaments involved are expensive to 
produce or maintain, such that only high-quality individuals can bear these 
costs (Andersson 1994; but see arbitrary badge hypothesis, Rohwert 1982; 
Rohwer & Roskaft 1989). Under such an idea, highly ornamented individuals, 
even when previously unknown to their opponents, should be challenged 
less often by less ornamented individuals, who reduce costs of a lengthy 
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contest when they are not likely to win (Rohwer 1982). When individuals are 
similarly ornamented and it is more difficult to predict beforehand who 
should win, fights will last longer or will become more escalated than fights 
between very differently ornamented individuals. In a few cases to date, 
however, less ornamented individuals win fights because they are more 
motivated to obtain a particular resource (e.g., best-of-a-bad-job, (Hill & 
McGraw 2006a; Hill & McGraw 2006b; McGraw et al. 2007) and/or more 
ornamented individuals receive increased aggression from their opponents 
because they are perceived as a greater threat to future territorial usurpation 
or paternity loss (e.g., Barlow & Siri 1994; Chaine & Lyon 2008; Murphy et al. 
2009). 
 Status signals can involve various sensory modalities, and include 
songs (e.g., (Narins et al. 2003)), physical structures (e.g., antlers, tails; 
Prenter et al. 2008), chemical secretions (e.g., Martin et al. 2007), behaviors 
(e.g., Ord & Evans, C. S. 2003), and colors (e.g., Senar 2006). Status signaling 
via colorful pigment-based ornaments has received a considerable amount of 
attention by behavioral ecologists to date, most likely due to the clear costs of 
ornament production (Senar 2006; Santos et al. 2011). For example, 
carotenoid pigments, which produce red, orange, and yellow coloration, must 
be obtained directly from the diet and can either be used in ornaments or to 
promote health (McGraw 2006), and melanin coloration also can rely on 
specific dietary precursors and carry metabolic and maintenance costs (Fox 
1976; Buchanan et al. 2001; McGraw 2008).  
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 Structural colors, which are produced by prism-like nanostructures, 
have received less attention in the mate-choice and status-signaling 
literature compared to pigmentary colors. This is at least partially because 
the costs of producing structural colors are not as clear (Prum 2006; Maia et 
al. 2012). However, the evidence is mounting that structural color expression 
is condition-dependent (e.g., McGraw et al. 2002; Kemp & Rutowski 2007; 
Griggio et al. 2009; Meadows et al. in press). The use of ultraviolet-reflecting 
structural colors as status signals has been well-substantiated in birds (e.g., 
Alonso-Alvarez 2004; Siefferman & Hill 2005, but see Korsten et al. 2007), 
but the status signaling role of iridescent colors – those structural colors that 
change with viewing angle – is less clear (Senar 2006). This is surprising 
because iridescent colors are some of the most conspicuous colors in nature; 
they can be incredibly bright and saturated compared to pigmentary colors, 
and maximized or entirely hidden depending upon light environment and the 
angles between signaler, receiver, and the sun (Doucet & Meadows 2009). 
The few existing studies examining iridescent coloration as a status signal 
have been on three arthropod (Rutowski 1992; Fitzstephens & Getty 2000; 
Kemp & Macedonia 2006; Lim & Li 2006) and one bird species (blue-black 
grassquit; Santos et al. 2009). These results demonstrate that iridescent 
colors can be used as status signals in some cases, but a broader range of taxa 
need to be studied to gain a general understanding of how iridescent colors 
function in competitive contexts. 
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 We examined the potential for iridescent ornaments to act as status 
signals in males of a territorial bird species, Anna’s hummingbird (Calypte 
anna), who display iridescent magenta crowns and gorgets (chin and throat 
feathers) during both aggressive and courtship interactions (Hamilton 1965; 
Stiles 1982). During these displays, crown and gorget feathers are erected 
and displays are oriented towards the sun to maximize their brilliance 
(Hamilton 1965). Because male Anna’s hummingbirds engage in intense and 
physically demanding aggressive interactions when establishing close-
together “exploded lek” territories and competing for food resources 
(Powers 1987), they provide an ideal species in which to test how iridescent 
colors influence competitive interactions. Iridescent coloration in Anna’s 
hummingbirds is sensitive to perturbations in dietary protein, an important 
constituent of both the melanin and keratin components of iridescent color 
in bird feathers that is limited in the hummingbird diet, making it a costly 
ornament with the potential to serve as an honest signal (Meadows et al., in 
press).  
In three aviary studies, we correlationally and experimentally 
examined how the size and color of crown and gorget ornaments in male 
Anna’s hummingbirds served as potential status signals. In study 1, we 
randomly assigned males to dyads and allowed them to compete over food 
and space in trials designed to determine if any color or size metrics of their 
iridescent plumage ornaments correlate with aggressive/submissive 
behaviors or predict win/loss outcomes. In study 2, we matched birds for the 
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only ornament that predicted contest outcome in study 1 (crown size) and 
examined how other aspects of ornamentation influenced interactions. In 
study 3, we manipulated crown size experimentally to evaluate whether 
contest outcomes and durations were influenced more by original (pre-
manipulation) or experimental (manipulated) crown size during trials. We 
examined the relationships of ornament color and size parameters with 
contest outcome and contest duration. We predicted that, if iridescent 
coloration in Anna’s hummingbirds operates as a status signal, more 
ornamented individuals would win contests, and individuals with a greater 
difference in ornamentation would spend less time fighting with each other. 
 
Materials and Methods  
Capture and housing 
 We used a modified Hall trap (Russell & Russell 2001)to capture adult 
male hummingbirds at 9 locations in backyards in Tempe, Arizona, USA and 
on the Arizona State University (ASU) campus. At capture, we banded birds 
with metal rings, measured culmen length, wing chord, and tarsus length to 
the nearest 0.01mm, collected feathers for spectral analysis (see below), and 
took digital photographs for ornament size measurement (see below). We 
housed captive birds in ASU animal care facilities in individual, visually 
isolated 60 x 60 x 60 cm nylon mesh cages with PVC pipe frames, 1/8” 
wooden perches, and a hanging nectar feeder made from a modified lidded 
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plastic dish. We fed the birds an ad libitum diet of Roudybush Nectar 3 
(Roudybush Inc., Woodland, CA) that was changed twice daily to prevent 
spoilage. We provided full-spectrum lighting (Zoo Med Reptisun 10.0 high-
output UVB), and photoperiod was adjusted weekly using light timers to 
mimic outdoor light/dark cycles. Additional small lights (two 100-watt 
PowerSun UV mercury vapor lamps, Zoo Med Laboratories, Inc., San Luis 
Obispo, CA; two 150-watt Reptile BrightLight Incandescent Daylights, Energy 
Savers Unlimited, Inc., Carson, CA) provided 20 minutes of twilight at dawn 
and dusk. 
 
Reflectance spectrometry 
 We used reflectance spectrophotometry to measure the color of 3 
crown and 3 gorget feathers for each bird. Our reflectance 
spectrophotometry methods are detailed in Meadows et al. (2011) and were 
designed to (1) achieve highly repeatable measurements via precise 
alignment of light, spectrophotometer probe, and iridescent feather, (2) 
allow measurement of the small 2-3 mm diameter iridescent portion of 
hummingbird feathers, and (3) allow rotation of components and 
measurement of color change parameters unique to iridescent colors. Briefly, 
the 6 feathers collected from each bird were individually mounted on matte 
black, fine art-quality cardstock, and stored in glassine envelopes until 
measurement. We collected spectral measurements usi
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goniometric light table described in Meadows et al. (2011). All standard 
spectrophotometry equipment and the OOIBase program are Ocean Optics 
brand (Dunedin, FL). We used a PX-2 pulsed xenon lamp as our light source, 
and delivered light to our samples via a 400 nm fiber-optic cable that was 
focused with a 74-UV collimating lens. The light-delivering and 
spectrophotometer probe cables were attached to separate rotating arms 
with centers of rotation about the surface of the feather sample, which was 
placed on a translational stage adjusted in height to achieve this alignment. 
The translational stage could also be tilted to alter the angle of the feather 
sample. We aligned feathers, light, and probe to mimic a bird/sun/observer 
orientation similar to that observed in nature during display (see Meadows 
et al. 2011), and measurements were taken when feathers were tilted until 
maximal brightness was achieved based on real-time output from OOIBase, 
which in the case of iridescent coloration is the most appropriate way to 
obtain spectral data that is repeatable and comparable among individuals 
(Meadows et al. 2011).  
 Using the program CLR (version 1.5, (Montgomerie 2008)), we binned 
spectra in 1 nm increments from 300–700 nm (the visual range of birds, 
(Bennett et al. 1994)) for the calculation of brightness, hue, and chroma (B2, 
H1, and SR1 in CLR version 1.5; Montgomerie 2008). We also added a novel 
color metric to capture an aspect of the iridescent quality of the feathers that 
we term directionality, which is a measure of how much brightness is lost 
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when the feather is tilted a set amount away from its orientation of maximal 
reflectance. To calculate directionality, we rotated feathers 10 degrees away 
from maximal brightness and we subtracted the resulting brightness value 
from the maximal brightness value (Directionality = B2max – B2off). Mean 
values for each color parameter were calculated from the three 
measurements from separate feathers taken from the crown and gorget 
feathers of each bird (see Meadows et al. 2011 for repeatability estimates). 
 
Ornament size measurement 
 Digital photos of ornaments were taken with a 1 cm x 1 cm size 
standard that was carefully positioned to be level with the ornament being 
photographed, and the camera was held level and steady on a small tripod. 
We took one photo of the crown (which is small and flat from above), and 
three photos of the gorget (left side, right side, and center) for size 
measurement using the histogram function in Photoshop 8.0 (Adobe 
Systems) to count the number of pixels in the ornament compared to the 1 
cm2 size standard. Based on feather morphology compared across the three 
photos, we carefully avoided any overlap in measured gorget areas for each 
photo. The three gorget measurements were added together to determine 
gorget size. Repeatability for crown and gorget size measurements obtained 
in this way are highly repeatable (crown: R = 0.964, gorget R = 0.996; Lessels 
& Boag 1987). 
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General trial methods 
Study 1 
 Paired dominance trials were conducted early in the breeding season, 
from 3 January - 3 February 2008. Birds were held in captivity for 2-4 weeks 
prior to dominance trials to permit acclimation to captive conditions. 
Because wild Anna’s hummingbirds are more aggressive in the late afternoon  
(pers. obs.), all trials took place between 1500 and 1700 hrs. For each trial, 
we assigned random opponents from trapping locations at least 2.25 km 
apart (to reduce the chance of previous familiarity; over 4 years, banded 
birds have never been recaptured at this distance in the study population) 
and matched for the number of days spent in captivity. We matched the 50 
birds to 25 dyads so that no birds were reused, avoiding pseudoreplication. 
Birds were given a colored leg tag at least 24 hours prior to trial for 
individual identification and were weighed to the nearest 0.01 g directly 
before the trial. Leg tags were either purple or yellow, and leg tag color did 
not influence trial outcome (data not shown). Opponents were placed into a 3 
x 1.5 x 3 m outdoor test chamber shaded by a large tree to compete over 
space and food. During a 15 minute acclimation period, we placed the birds 
in either side of the test chamber, which was divided in half by an opaque 
barrier with a feeder containing a 50% sucrose solution on each side. 
Feeders were placed near the center of the chamber on each side of the 
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barrier so that they were only 15 cm apart when the barrier was removed. 
During this acclimation period, we observed each bird to feed at least once. 
From behind a blind using a pulley system, we then lowered the barrier, and 
the birds were allowed to interact for 30 minutes. From videos taken with a 
Sony Handycam SR42 camcorder (Sony Corporation of America, New York, 
NY) during each trial, we documented the total time that each bird spent 
chasing the other, which was by far the most common aggressive interaction 
observed and the only one observed in all trials. Because chasing was often 
completely one-sided (see more below), we defined the winner of a trial as 
the bird that spent the most time chasing his opponent. To learn more about 
patterns of less colorful individuals winning contests in this study and the 
two studies below, we also examined how much aggression was directed at 
losing individuals as a function of their ornamentation. 
  
Study 2 
 In study 1, we found that trial-winning focal males had smaller 
crowns than their opponents (see Results). To further examine this 
relationship, in study 2 we matched opponents for crown size. This study and 
study 3 (below) were conducted to rule out crown size as a correlate of 
dominance. It was possible, for example, that smaller-crowned individuals 
were simply younger and more aggressive towards older individuals to gain 
initial territories. Thus, we matched birds for crown size to determine 
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whether other traits would predict contest outcome in the direction that 
would be predicted by a traditional status signaling paradigm.  
 In study 2, birds were matched for crown size (i.e., opponent crown 
sizes were significantly correlated; r = 0.981, N = 27, P < 0.001). As in study 1, 
birds were in captivity for 2-4 weeks prior to trials, and trials were 
conducted at the beginning of the breeding season (27 December 2008 – 29 
January 2009). Again, opponents were captured at locations at least 2.25 km 
apart to reduce the likelihood of prior familiarity. Fifty six individual male 
Anna’s hummingbirds were used in 28 trials; individuals were not the same 
as those in study 1 nor were they reused within this study.  Because the 
shaded chamber used in study 1 could have contributed to color variables 
being less important than ornament size in determining contest outcomes 
(i.e., no direct sunlight to which they might have oriented and displayed), a 
new elevated 2.4 x 1.2 x 1.2 m trial chamber was built in a sunny area for 
studies 2 and 3. Additionally, trials were only conducted on sunny days from 
1200 to 1530 hrs., when the trial chamber was in full sunlight. Similar to 
study 1, the chamber had a 50% sucrose feeder and a perch on each side of a 
removable opaque barrier. Trials were conducted in the same way as study 1, 
but the interaction time was reduced to 15 minutes because from pilot data it 
was apparent that clear winners could be determined within this time frame. 
Chases were timed and scored from videos, and the winner was defined as 
the individual that spent the most time chasing. 
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 Two trials were omitted from analyses because in one of them no 
aggressive interactions occurred and in another a free-living Anna's 
hummingbird flew around the trial cage for the entire trial period, occupying 
much of the trial birds’ attention. Thus, all results are based on the 26 
useable trials. 
 
Study 3 
 To further examine the relationship between crown size and 
aggression, in study 3 we manipulated crown size. We manipulated this 
potential signal, expecting that, if crown size truly operates as a signal, 
contest outcome and duration would be predicted by displayed crown size 
during the interaction rather than original, pre-manipulation crown size. If 
small crown size was simply a correlate of dominance, we would expect that 
dominance relationships and contest duration would be more related to 
original crown size. 
 With the exception of one bird that became ill and was replaced, all 
birds from study 2 were used in study 3. For study 3, birds were randomly 
assigned a novel opponent, roughly matched for number of days spent in 
captivity and days since participation in study 2 (10.8 ± 0.8 days; mean ± SD). 
 One individual from each dyad was randomly chosen for experimental 
crown size reduction. Because crown feathers differ in color between 
individuals and are tiny, under individual muscular control, and raised 
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during displays, we chose not to artificially increase the crown size of the 
other opponent, as this would produce an unnatural appearance (i.e., added 
feathers could not be raised during display, and color differences between 
natural and added feathers may be apparent to opponents). We used scissors 
to clip 10-15 marginal feathers and thereby reduce crown patches in size by 
only a few millimeters and within the natural range of variation, such that the 
area of the crown was reduced by 10% and was significantly smaller in area 
(t26 = 4.209, P < 0.001) than the original feathers (Figure 2). Change in body 
mass from study 2 to study 3 was not significantly different for reduced 
crown and unmanipulated males (t48 = 0.169, P = 0.866), so crown size 
reduction likely resulted in minimal stress for the birds. Trials were 
conducted and scored as in study 2 from 5 January - 18 February 2009.  
 Three trials were left out of statistical analyses because in two trials 
the males did not display any aggression, and in another each male chased 
the other for only 2 seconds, resulting in a tie. Thus, all results are based on 
the remaining 25 trials. 
 
Statistical Analyses 
 Statistical analyses were adapted from Kemp et al. (2006) and were 
conducted in the same manner for each of the three studies except where 
indicated. To examine which variables were related to an individual’s contest 
outcome, we performed logistic regressions with outcome (win or loss) as 
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the response. We chose a random focal male in each dyad and modeled the 
probability of this individual winning on the basis of a set of variables 
(below), each of which was calculated by subtracting the opponent’s value 
from that of the focal male (sensu Kemp et al. 2006). We calculated the 
differences (focal – rival) for raw color variables (brightness, red chroma, 
hue, and directionality for both crown and gorget), gorget and crown size, 
body size variables (tarsus length, culmen length, wing chord, and body 
mass), and the number of days spent in captivity before the trial. For study 3, 
we also included the differences in the number of days since each birds’ 
study 2 trial. We then created principle components (PCs) for collinear 
predictor variables, which in all three studies were the differences in body 
size variables and differences in ornamental color variables. PCs with 
eigenvalues greater than 1 were retained. Predictor variables considered for 
model inclusion were thus the PC’s for color differences, body-size 
differences, gorget-size differences, crown-size differences, and differences 
in the number of days spent in captivity; categorical variables include 
capture location and leg tag color. PCs loaded differently for each study, and 
PC tables (Tables 6-9) are provided for significant results only due to the 
large number of sets of PCs generated by these three studies. We used an 
information theoretic approach to select the most parsimonious final models 
based on lowest Akaike information criterion (AIC) value (Burnham & 
Anderson 2004). 
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 Second, to examine whether contest duration was related to the 
difference in opponent characteristics, we performed multiple regressions 
with contest duration as the response variable. Because regressions using 
raw chase time as the response variable generated non-normal residuals, we 
log-transformed chase time for all analyses to improve normality. Again, we 
used lowest AIC values to select final models. We calculated the absolute 
value of the difference in all variables identified above between the two 
opponents. We used the absolute value of the differences in variables 
because the prediction that contest duration should be shorter with 
increased dissimilarity between opponents does not depend upon individual 
outcome. Again, we created PCs for the differences in body size variables and 
ornament color variables to avoid multicollinearity in the models (Tables 6-
9). 
 Finally, to examine whether or not loser traits alone predicted the 
amount of time they were chased by the winner, we performed multiple 
regressions with log-transformed winner chase time as the response 
variable. We used the same candidate predictor variables as above for each 
individual loser. We again created sets of PCs for intercorrelated body size 
and ornamental color variables, and we used lowest AIC values to select final 
models.   
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Results 
Study 1 
 For win-loss outcome, the model that minimized AIC (AIC = 30.06; G2 
= 12.56, N = 25, P = 0.006) included the following predictors: body size PC2 
(Wald = 3.33, P = 0.068; loading positively with tarsus length difference), 
gorget size difference (Wald = 1.81, P = 0.179), and crown size difference 
(Wald = 5.31, P = 0.021). Within this model, crown size was the only 
significant predictor of outcome, such that individuals with smaller crowns 
won more interactions (Figure 3a). However, crown size difference did not 
predict contest duration (F1,23 = 0.84, t = -0.92, r2 = 0.0354, P = 0.368). 
 The model that best explained variation in contest duration (AIC = -
46.06) included color PC1, loading strongly and positively for all gorget color 
variables and less strongly with crown hue (F1,23 = 5.76, t = -2.40, r2 = 0.200 P 
= 0.025; Table 6). Individuals who were more different in color PC1 had 
shorter contests, while those who were more similar spent a longer time 
settling the contests (Figure 3b).  
 The most parsimonious model for loser traits to predict contest 
duration (AIC = -44.11) included only body size PC1, but this model was not 
statistically significant (F1,23 = 4.07, t = -2.02, r2 = 0.150, P = 0.056).  
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Study 2 
 When we controlled for crown size by matching opponents for this 
trait, the model that best predicted contest outcome (AIC = 32.63; G2 = 9.26, 
N = 26, P = 0.010) included two predictors – body size difference PC2 (Wald 
= 2.22, P = 0.136; loading positively with tarsus length difference) and color 
difference PC1 (Wald = 5.82, P = 0.016; loading nearly equally and positively 
with all color variables; Table 7). Color difference PC1, broadly representing 
all measured color metrics of the gorget and crown, was the only significant 
predictor in the model, with less colorful opponents tending to win more 
often (Figure 4a). 
 For contest duration, the model for difference in opponent 
characteristics that minimized AIC (AIC = -47.64) included only the 
difference in color PC3, but this model was not statistically significant (F1,24 = 
2.82, t = 1.68, r2 = 0.105, P = 0.106). 
 Loser traits did significantly predict contest duration (AIC = -51.89, 
F3,22 = 5.62, r2 = 0.434, P = 0.005). The most parsimonious model included 
number of days spent in captivity (t = -3.00, P = 0.007), color PC1 (loading 
positively with all color traits and most strongly with gorget red chroma and 
crown and gorget hue, Table 8, t = 2.39, P = 0.026), and color PC2 (loading 
positively for crown and gorget brightness and directionality and negatively 
for gorget red chroma and crown and gorget hue, Table 8, t = -3.26, P = 
0.004). Losers who were in captivity for fewer days were chased longer by 
68 
their opponents. Also, individuals that had higher gorget red chroma values 
and more right-shifted gorget and crown hues were chased longer by their 
opponents (notice that PC2 loads negatively for these traits and the 
relationship between PC2 and chasing is negative, while PC1 loads positively 
for these traits and the relationship between PC1 and chasing is positive). 
Based on PC2, individuals with brighter and more directionally reflecting 
crowns and gorgets were chased less by their opponents (Figure 4b,c). 
 
Study 3 
 Males with experimentally reduced crown sizes won 8 of 25 trials 
(32%), which was not significantly different from a random pattern (χ21 = 
3.24, P = 0.072). Further, crown size during the trial was not predictive of 
win/loss outcome for randomly chosen focal males (G2 = 1.91, N = 25, P = 
0.167; Wald = 1.77, P = 0.183), and actual crown size of reduced crown males 
did not predict their contest outcome (G2 = 0.092, N = 25, P = 0.761, Wald = 
0.091, P = 0.763). Regardless of actual trial crown size, the pre-manipulation 
crown size of randomly chosen focal males also did not predict win/loss 
outcome (G2 = 0.086, N = 25, P = 0.769, Wald = 0.086, P = 0.770). Neither the 
differences between males in actual trial crown length nor original crown 
length predicted contest duration (linear regression, actual trial length: F1,23 
= 1.82, t = -1.35, r2 = 0.073, P = 0.190; original length: F1,23 = 0.41, t = -0.64, r2 
= 0.018, P = 0.526). 
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 However, when we examined how contest duration was associated 
with loser traits, we found that contest duration (i.e., amount of time the 
winner spent chasing) increased with increasing loser crown length during 
the trial (F1,23 = 8.91, t = 2.99, r2 = 0.279, P = 0.007), but contest duration was 
not related to the original, pre-manipulation crown length of the loser (F1,23 = 
2.62, t = 1.62, r2 = 0.103, P = 0.119) (Figure 5a,b). 
 We also examined other non-manipulated traits as predictors of 
contest outcome as in previous studies, and we found that the most 
parsimonious model included plumage color PC3, which loaded positively for 
crown brightness and directionality (Table 9; AIC = 27.02, G2 = 11.27, N = 25, 
P = 0.008; Wald = 6.55, P = 0.010). Again, birds that were less colorful, with 
less bright and directional crowns, won more trials (Figure 5c). 
 There were no significant models predicting contest duration as a 
function of any combination of differences in variables between rival males. 
The most parsimonious model for contest duration as a function of loser 
traits (AIC = -27.47, F3,21 = 3.77, r2 = 0.350, P = 0.026) included individual 
color PC1 and PC3 (PC1: t = -1.39, P = 0.181; PC3: t = 1.64, P = 0.116) and the 
number of days since study 2 (t = 2.85, P = 0.010), and only days since study 
2 was a significant individual predictor of contest duration, which increased 
with increasing time since participation in study 2. 
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Discussion 
 Our results provide little support for the hypothesis that iridescent 
plumage is a traditional status signal in male Anna’s hummingbirds. In all 
three studies, less colorful males won significantly more contests than more 
colorful males, which is the opposite pattern of that expected for a traditional 
status signal. Additionally, differences in color variables between opponents 
rarely predicted contest duration (except for gorget coloration in study 1). 
When birds were randomly paired in study 1, individuals with smaller 
crowns won significantly more contests. In study 2, when males were 
matched for crown size, winners had crowns with more left-shifted hues (i.e., 
less red) and that were less bright, less chromatic, and less directionally 
reflecting. When crown size was experimentally manipulated in study 3, 
birds with less bright and directional crowns won more contests.  
 This pattern of less ornamented individuals winning contests has 
been observed in several previous studies. For example, in house finches 
(Carpodacus mexicanus) redder hued individuals are in better physiological 
condition and are preferred mates (Hill 1990; Hill 1991), but are subordinate 
in paired contests over food. This seemingly unlikely scenario has been 
examined and confirmed in three different laboratory studies, both 
correlationally and experimentally, and during different seasons and in 
different populations (McGraw & Hill 2000a; McGraw & Hill 2000b; McGraw 
et al. 2007). Because the brilliant red coloration in house finch feathers is 
derived entirely from carotenoid pigments that are available in the diet, 
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yellow individuals may put in more effort to competition over food because 
they have more to gain by attaining access to carotenoids. Similarly, in 
yellow-pine chipmunks (Tamias amoenus), smaller rather than larger 
chipmunks tend to win dyadic contests, while in most mammals, larger 
individuals win contests (Schulte-Hostedde & Millar 2002). In fish, gold 
morph cichlids dummies receive more aggression than normal (gray) morph 
dummies (Barlow & Siri 1994).   
Such findings are consistent with the idea that less ornamented males 
are adopting a best-of-a-bad-job strategy in aggressive competitions. These 
less ornamented individuals may be attempting to gain more food resources 
to become more colorful the following molt because we know that these 
ornaments are more colorful with higher dietary protein (Meadows et al. in 
press). In this study, birds were competing over nectar feeders, but in the 
wild birds may compete over other types of resources as well. These less-
colorful birds may also be extremely aggressive to gain a territory that would 
assist in acquiring a mate in spite of less sexually attractive ornamentation, 
under the assumption that females prefer to mate with males having more 
elaborate crown and gorget ornaments. 
 Because more colorful individuals tended to lose contests, we 
examined whether the ornamentation of the loser affected how much 
aggression was directed at them. We found that more ornamented 
individuals were chased significantly more by their aggressors. Importantly, 
we observed this experimentally when we manipulated crown size; losers 
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with larger experimentally manipulated crowns were chased more, and this 
was not related to pre-manipulation crown size. In study 2, when opponents 
were matched for crown size, losers that were more colorful were chased 
more. While female choice for colorful ornaments has not been directly 
studied in Anna’s hummingbirds or any other species of hummingbird, 
comparative evidence suggests that brilliant coloration evolved via sexual 
selection in at least one hummingbird genus (Parra 2010). Female choice for 
brilliant male coloration is a priority for future research on sexual selection 
in Anna’s hummingbirds. Under such a hypothetical scenario, more 
ornamented males in better nutritional condition may be undesirable 
territory neighbors, in that they may reduce paternity for their less colorful 
neighbor. Also Anna’s hummingbird males form small, close-together 
breeding territories in an “exploded lek” pattern (Powers 1987), so females 
can evaluate several males/territories in a small window of space and time 
and males have the opportunity and benefit of directing aggression at 
attractive rivals who threaten their paternity. This pattern of more 
ornamented individuals receiving increased aggression has been observed in 
animals including male lark buntings (Chain and Lyon 2008), male blue-black 
grassquits (Volatinia jacarina; Santos et al. 2009), female streak-backed 
orioles (Murphy et al. 2009), and male and female Midas cichlids (Barlow and 
Siri 1994). Our experimental results demonstrate that crown size, in this 
context, is not simply a correlate of dominance, but a signal that male 
opponents assess and react to separately from other color traits. 
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 We have also demonstrated here that, in addition to being sensitive to 
diet quality, the exaggeration of iridescent ornaments in Anna’s 
hummingbirds carries a potentially significant social cost. Individuals with 
larger, more brilliantly colored gorgets and crowns received heightened 
aggression from opponents in our trials, possibly mirroring aggression that 
would be directed at them during territory establishment and by territory 
neighbors throughout the breeding season in the wild. During the breeding 
season, even after initial territory establishment, male Anna’s hummingbirds 
constantly fight over territory boundaries and food resources (unpubl. data). 
Hummingbird hovering is known as the most energetically expensive 
behavior among vertebrates (Suarez 1992), and dive displays and chases 
performed during aggressive interactions are likely extremely expensive as 
well. Thus highly ornamented males facing increased aggression indirectly, 
through social costs, pay relatively more for their ornamentation than less 
ornamented individuals. 
 We also demonstrate here the importance of considering multiple 
aspects of ornamentation (i.e., multiple color parameters and ornament size) 
and of considering both contest outcome and contest duration when studying 
potential agonistic signals. Had we neglected any of these variables, we 
would have missed several interesting and informative patterns that helped 
us to conclude that these ornaments are not traditional status signals, but do 
have a significant impact on aggressive interactions between Anna’s 
hummingbirds. Future studies on agonistic signaling should explore in more 
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detail how multiple aspects of ornamentation impact contest outcome, how 
differences in ornamentation between opponents affects total contest 
duration, and how trait exaggeration affects how much aggression 
individuals receive (e.g., Chaine and Lyon 2008, Murphy et al. 2009).  
 Though our captive study benefitted considerably from the ability to 
control and track numerous environmental factors, we acknowledge that 
further study is now needed to determine whether the same behavioral and 
signaling patterns we detected here occur in nature; it is possible that, 
removed from their physical territories, highly ornamented individuals have 
less motivation to defend themselves from “intruders”. Similarly, more highly 
ornamented males may dominate in contests when females are present 
which we did not test in our captive contests over space and feeders. 
Additional work is also needed to examine whether females base mating 
decisions on male color variation. Because females of at least one species of 
hummingbird mate more with males with larger, higher quality territories 
(Temeles & Kress 2010), it is possible that a combination of territory quality 
and male coloration determines female preference in Anna’s hummingbirds. 
In addition to being sensitive to dietary protein levels (Meadows et al., in 
press), we have shown here that there are social costs to having more 
colorful iridescent ornaments because more colorful Anna’s hummingbirds 
receive more aggression from competitors. 
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Table 6. For study 1, we created principle components (PCs) for differences 
in opponent values for collinear gorget (G) and crown (C) color variables. We 
retained PCs with eigenvalues greater than 1, which resulted in 3 PCs 
explaining 79.85% of the variation in coloration. Component loadings 
indicate the strength and direction of association of each original color 
variable with each PC.  
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Table 7. Study 2 principle components generated using the differences in 
crown (C) and gorget (G) color variables between the randomly selected 
focal male and his opponent. 
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Table 8. Study 2 principle components generated using the crown (C) and 
gorget (G) color variables of losing males in each dyad.  
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Table 9. Study 3 principle components generated using the differences in 
crown (C) and gorget (G) color variables between the randomly-selected 
focal male and his opponent. 
 
 
 
 
 
 
  
Figure 4. Comparison of crown appearance before (left) and after (right) 
crown size reduction. Scissors were used to clip off the iridescent portion of 
the marginal crown feathers resulting in a 10% reduction in size.
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Figure 5. (A) In study 1, focal males with a crown smaller than their 
opponent’s (negative crown size difference) were more likely to win contests 
(Mean +/- SE, Wald = 5.31, P = 0.021). (B) Dyads who were more similar in 
color PC1, loading strongly and positively for all gorget color variables and 
less strongly with crown hue, had longer contests than those who were more 
differently colored (F1,23  
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= 5.76, t = -2.40, r2 = 0.200 P = 0.025). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. (A) In study 2, when dyads were matched for crown size, less 
colorful individuals were more likely to win contests. Color difference PC1 
represents all measured color metrics of the gorget and crown (Mean +/
Wald = 5.82, P = 0.016). (B, C) When dy
losing members of dyads who were in captivity for fewer days (not shown) 
and who were more colorful were chased more by their opponents. The 
significantly model included number of days in captivity (t = 
0.007), color PC1 (loading positively with all color traits, t = 2.39, P = 0.026, 
B), and color PC2 (loading positively for crown and gorget brightness and 
directionality and negatively for crown and gorget hue and gorget red 
chroma, t = -3.26, P = 0.004, C). Note 
indicates a more colorful loser.
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Figure 7. (A,B) In study 3, when we experimentally reduced the crown size of 
one male in each dyad, winners chased their opponents more if they had a 
larger experimental crown size  (F1,23 = 8.91, t = 2.99, r2 = 0.279, P = 0.007, A), 
but contest duration was not related to the original, pre-manipulation crown 
length of the loser (F1,23 = 2.62, t = 1.62, r2 = 0.103, P = 0.119, B). (C) Birds 
with less bright and directional crowns tended to win trials. The most 
parsimonious model for contest outcome included only Color PC3, which 
loaded positively for crown brightness and directionality (AIC = 27.02, G2 = 
11.27, N = 25, P = 0.008; Wald = 6.55, P = 0.010).  
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Chapter 3 
 
VARIATION IN IRIDESCENT COLORATION IS NOT LINKED TO AGGRESSIVE 
BEHAVIOR IN FEMALE ANNA’S HUMMINGBIRDS (CALYPTE ANNA) 
 
 Studies of inter- and intra-sexual signaling have mainly focused on 
male ornamental traits, with the potential communication role of female 
ornamentation receiving less attention. However, recent evidence suggests 
that female ornaments, such as brilliant colors, are involved in female-female 
agonistic signaling. Iridescent colors are particularly brilliant and 
conspicuous, suggesting that they may have a signaling role in females that 
display them, such as females of some species of hummingbirds. We 
investigated whether iridescent gorget coloration in female Anna’s 
hummingbirds (Calypte anna) affected contest outcome, contest duration, or 
the amount of aggression received in dyadic aviary trials between previously 
unknown individuals who competed over access to a limited food resource 
(nectar feeder). We found that although female iridescent ornament size and 
color are highly variable, they did not affect any aspect of dyadic trial 
interactions. Iridescent coloration in female Anna’s hummingbirds may 
function as a signal of identity during aggressive interactions rather than a 
status signal, as a signal of quality during male mate choice, or may still serve 
as an agonistic signal during more natural interactions occurring in the wild. 
Alternatively, iridescent coloration in females may be present as a result of 
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genetic correlation with a functional, sexually-selected trait in male Anna’s 
hummingbirds, in which less colorful males are dominant and more colorful 
males may be preferred mates. 
 
Introduction 
 Studies of sexual selection in animals have mainly focused on 
extravagant male ornaments and female mate preference for these 
ornaments, which can include non-utilitarian color patches, structures, 
songs, or behaviors (Andersson 1994; Clutton-Brock 2007). This focus on 
male sexual signaling is sensible in species with traditional sex roles, due to 
the lower reproductive investment and higher variation in reproductive 
success of males compared to females (Andersson 1994) and because female 
reproductive success is determined more by fecundity than number of mates 
(Trivers 1972). However, in many species, females also possess the same, 
similar, or even more exaggerated ornaments compared to males (reviewed 
in Amundsen 2000; Amundsen and Pärn 2006; Kraaijeveld et al. 2007). This 
has often been explained by assuming that ornaments in females occur as 
genetic correlates of ornaments that are functional in males (e.g., Fisher 
1930; Lande 1980; Kraaijeveld et al. 2007), but there is little support for this 
hypothesis (but see Price 1996). An alternative explanation is that these 
ornaments are also functional signals in females (Amundsen 2000; 
Kraaijeveld et al. 2007), even in systems other than those with sex-role 
reversal (reviewed in Amundsen 2000; Clutton-Brock 2009).  
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 Support for the hypothesis that female ornaments are functional 
signals is mounting, with correlational (e.g., Berglund et al. 1997; Hanssen et 
al. 2006; Weiss 2006; Weiss et al. 2009; Boulet et al. 2010; Huchard et al. 
2010) and experimental (e.g., Roulin et al. 2000; Siefferman & Hill 2005; 
Hanssen et al. 2008; Doutrelant et al. 2008; Doutrelant et al. 2012) evidence 
that female signals are linked to quality, competitive advantages, or 
measures of reproductive success. When signals are known to be costly, it 
would be puzzling if females continued to express them if they were non-
functional. Supporting the argument that these costly ornaments serve 
signaling functions in females, males often select female mates based on their 
ornamentation (e.g., Amundsen et al. 1997; Amundsen & Forsgren 2001; 
Griggio et al. 2005; Torres and Velando 2005; Kraaijeveld et al. 2007). 
 The hypothesis that female ornaments, especially brilliant colors, may 
be used as agonistic signals in competitive interactions among females has 
received support as well over the past decade. In Eclectus parrots, females 
are brilliant red and blue while males are green; brilliantly colored females 
are liberated from the need to remain inconspicuous by spending up to 11 
months per year inside cavity nests for which they compete vigorously with 
other females (Heinsohn et al. 2005). Other studies have also demonstrated a 
role for ornaments in mediating female-female competition in some fish 
(Bernet et al. 1998; Baldauf et al. 2011) and bird species (Swaddle & Witter 
1995 ; Kraaijeveld et al. 2004; Pryke 2007; Viera et al. 2008; Murphy et al. 
2009a,b; Griggio et al. 2010; Midamegbe et al. 2011). In their meta-analysis, 
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Kraaijeveld and colleagues (2007) found general support for the hypothesis 
that female ornaments serve as status signals.  
 In part, the role of female ornamentation in mediating female-female 
competitions is compelling because female ornaments may have evolved or 
been co-opted for slightly different functions in female-female competition 
(LeBas 2006). During the breeding season, females often compete over 
resources that directly affect their fitness, such as nesting sites and food 
resources. Thus, even when ornaments are mainly functional during the 
breeding season, these signals may often be socially rather than sexually 
selected. This scenario is likely especially in polygynous mating systems with 
unbiased (or male-biased) operational sex ratios and when males provide no 
direct benefits (i.e., offspring care, nuptial gifts) because females may not 
need to compete for more or higher-quality mates. In lekking species 
supporting the above conditions, however, females may compete for high-
quality mates that provide indirect benefits (i.e., good genes), especially if 
males are sperm limited (reviewed in Rosvall 2011). Thus, even in species 
where male ornament function has been studied in a competitive context, 
studying female-female competition and signaling provides unique insights 
into female motivation to compete for mates or resources.  
 With regard to female signaling, iridescent colors may be among the 
most compelling ornaments to study when they occur in females. These 
colors are some of the most conspicuous and dynamic colors in nature 
(Doucet and Meadows 2009), and evidence is building that they are costly to 
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produce in terms of material (Meadows et al. in press; Meadows et al. 
Chapter 1) although not in terms of their final organization (Maia et al. 2012). 
The vast majority of studies completed to date on animal color signaling has 
been on pigment-based ornaments, such as carotenoid and melanin colors 
(reviewed in Senar 2006; Santos et al. 2011, Kemp et al. 2012). Structural 
colors such as iridescence, which are produced as a result of light interacting 
with optical nanostructures (Prum 2006), have received considerably less 
attention. To date, studies have examined status signaling in only four 
iridescent organisms, the butterfly Hypolimnas bolina (Rutowski 1992; Kemp 
and Macedonia 2006), the jumping spider Cosmophasis umbratica (Lim & Li 
2006), the damselfly Calopteryx maculata (Fitzstephens & Getty 2000), and 
the blue-black grassquit bird Volatinia jacarina (Santos et al. 2009). To our 
knowledge, agonistic signaling using iridescent ornaments has never been 
studied in females of any species. 
 Hummingbirds provide an interesting group in which to examine 
agonistic signaling, as females of only a few species display iridescent 
coloration and other types of exaggerated ornaments. In many 
hummingbirds, males possess striking plumage ornaments, including 
elongated tail feathers, fluffy thigh “boots”, crests, and brilliant iridescent 
crown and gorget (throat) feathers. In most of these species, females lack 
these ornaments (Skutch 1973). However, female Anna’s hummingbirds 
(Calypte anna) are notable in that they usually have iridescent, magenta 
gorgets similar to those present in males. In other closely-related 
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hummingbirds within the “bee hummingbird” or Mellisugini clade (McGuire 
et al. 2008), females usually do not have iridescent gorgets (Ridgely & 
Gwynne 1989; Tyrrell & Tyrrell 1990; except see Selasphorus rufus Kaufman 
2000; Ridgely & Greenfield 2001), including the other Calypte hummingbird, 
C. costae. This implies that female ornamentation arose independently in 
Anna’s hummingbirds, which suggests a function of this trait. Although not as 
variable as male gorget size, female Anna’s hummingbird gorgets vary a great 
deal, from being entirely absent to nearly the size of male gorgets (Bleiweiss 
1985; Figure 6, Table 10). In addition, gorget color varies in hue from mainly 
appearing bronzy-green (minimum hue observed 566) to brilliant rose 
(maximum hue observed 651), and standard deviations for both hue and 
chroma are higher than those observed in males (Figure 7, Table 10). Female 
Anna’s hummingbirds also aggressively defend feeding and nesting 
territories during the breeding season that are used for these purposes 
rather than primarily for displaying as in males’ territories. Bleiweiss (1985; 
1992a,b) and Wolf (1969) hypothesized that some female hummingbirds use 
their colors in nest and food territorial defense, but no tests of this 
hypothesis have been performed. Additionally, although females do not 
perform the same ritualized displays as males, they often sit near the tops of 
trees and turn their heads back and forth, making the gorget appear very 
conspicuous and flashy (pers. obs.). 
  
 Here, we examined the link between iridescent coloration in female 
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Anna’s hummingbirds and aggressive and competitive behavior. We 
conducted paired, breeding-season aggression trials in captivity in the 
presence of a limited food resource and measured plumage ornamentation, 
body size, win/loss outcome of contests, as well as the amount of time 
opponents spent fighting. In male Anna’s hummingbirds, less colorful males 
tend to lose fights, but aggressors spend more time chasing their rivals if they 
are more colorful (Chapter 2). This suggests that colorful males are perceived 
as a greater threat, possibly to paternity, especially by comparatively duller 
opponents. If color signaling in females functions similarly to that in males, 
we predicted that duller females would win contests. However, if color 
serves as a traditional status signal in females, we predicted that more 
colorful females would win aggressive interactions and that more similarly 
colored females would spend more time fighting.  
 
Methods 
Capture and housing 
 We used a modified Hall trap (Russell & Russell 2001) to capture 70 
adult female Anna’s hummingbirds at 15 different locations in Maricopa 
County, Arizona, USA, ranging from backyards in Tempe, Phoenix, and Queen 
Creek to the Arizona State University (ASU) campus. Birds were captured 
between 22 November 2010 and 11 February 2011. At capture, we weighed 
the birds to the nearest 0.01 g. After at least 2 days in captivity, we banded 
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the birds for individual identification with metal bands and measured 
structural size (tarsus, culmen, and wing length), collected gorget feathers 
for spectral analysis, and counted the number of red iridescent gorget 
feathers as a measure of ornament size. We housed captive birds in ASU 
animal care facilities in individual, visually isolated 60 x 60 x 60 cm nylon 
mesh cages with PVC pipe frames, 1/8” wooden perches, and a hanging 
nectar feeder made from a modified lidded plastic dish. We fed the birds an 
ad libitum diet of Roudybush Nectar 3 (Roudybush Inc., Woodland, CA) that 
was changed twice daily to prevent spoilage. We provided full-spectrum 
lighting (Zoo Med Reptisun 10.0 high-output UVB), and photoperiod was 
adjusted weekly using light timers to mimic outdoor light/dark cycles. 
Additional small lights (two Zoo Med PowerSun UV mercury vapor lamp 100 
watts and two Energy Savers Unlimited Reptile BrightLight 150 watt 
Incandescent Daylights) provided 20 minutes of twilight at dawn and dusk. 
 
Reflectance spectrometry 
 We used reflectance spectrophotometry to measure the color of 3 
gorget feathers for each bird. Our spectrophotometric methods (detailed in 
Meadows et al. 2011) were designed to permit: (1) highly repeatable 
measurements via precise alignment of light, spectrophotometer probe, and 
iridescent feather; (2) measurement of the small 2-3mm diameter iridescent 
portion of hummingbird feathers, and (3)  rotation of components and 
97 
measurement of color change parameters unique to iridescent colors. The 3 
gorget feathers from each bird were individually mounted on matte black, 
fine art-quality cardstock and stored in glassine envelopes. We used the 
custom-made goniometric light table described in Meadows et al. (2011) to 
collect spectral measurements. All standard spectrophotometry equipment 
and the OOIBase program are Ocean Optics brand (Dunedin, FL). We used a 
PX-2 pulsed xenon lamp as our light source, and delivered light via a 400 nm 
fiber-optic cable that was focused on the sample with a 74-UV collimating 
lens. A USB2000 spectrophotometer collected reflected light using a separate 
400 nm fiber-optic cable and 74-UV collimating lens. The light-delivering and 
spectrophotometer probe fibers were attached to separate rotating arms 
with centers of rotation about the surface of the feather sample, which was 
placed on a translational stage adjusted in height to achieve this alignment. 
We aligned feathers, light, and probe to mimic an orientation similar to that 
observed in nature between a bird’s gorget, the sun, and an observer from 
the front (see Meadows et al. 2011). Measurements were taken when 
feathers were tilted on the translational stage until maximal brightness was 
achieved based on real-time output from OOIBase, which in the case of 
iridescent coloration is the most appropriate way to obtain spectral data that 
is repeatable and comparable among individuals (Meadows et al. 2011).  
 Using the program CLR (version 1.5, Montgomerie 2008), we binned 
spectra in 1 nm increments from 300-700 nm (the visual range of birds, 
Bennett et al. 1994) for the calculation of mean brightness (B2), hue (as the 
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wavelength of maximum reflectance; H1), and red chroma (as the proportion 
of reflectance from 605-700 nm; S1R in CLR version 1.5; Montgomerie 2008). 
We also measured directionality, a measure of how much brightness is lost 
when the feather is tilted a set amount away from its orientation of maximal 
reflectance (Meadows et al., in press). To calculate directionality, we rotated 
feathers 10 degrees away from maximal brightness and subtracted the 
resulting brightness value from the maximal brightness value (Directionality 
= B2max – B2off). Mean values for each color parameter were calculated from 
the three measurements from separate gorget feathers taken from each bird 
(see Meadows et al. 2011 for repeatability estimates).  
 
Aggression trials 
 Paired dominance trials were conducted early in the breeding season, 
from 7 December 2010 - 28 February 2011. Birds were held in captivity for 
13-27 days prior to dominance trials to permit acclimation to captive 
conditions. For each trial, we assigned random opponents from trapping 
locations at least 2.25 km apart (to reduce the chance of previous familiarity; 
over 5 years, banded birds have never been recaptured at this distance in the 
study population) and matched for the number of days in captivity. We 
matched the 70 birds to 35 dyads so that no birds were reused, avoiding 
pseudoreplication. Birds were given a colored leg tag at least 24 hours prior 
to the trial for individual identification and were weighed to the nearest 0.01 
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g directly before the trial. Leg tags were either purple or yellow, and leg tag 
color did not influence the outcome of trials (data not shown). Trials took 
place in an elevated 2.4 m x 1.2 m x 1.2 m trial chamber placed in a sunny 
area of a outdoor courtyard, with no human disturbance. We conducted trials 
only on sunny days between 1230 and 1500 hours when the trial chamber 
was in full sunlight to permit maximal reflectance of the iridescent 
ornaments. Opponents were placed on opposite sides of the test chamber, 
which was initially divided in half by an opaque barrier with a feeder 
containing a 50% sucrose solution on each side of the barrier. The birds were 
allowed to acclimate to this chamber for 15 minutes, during which time each 
bird was observed to feed at least once. After the acclimation period, we 
removed the barrier separating the sides of the trial chamber using a pulley 
system from behind a blind. Birds were then allowed to interact for 15 
minutes. From videos taken with a Sony Handycam SR42 camcorder, we 
recorded the number of aggressive interactions, including chases and 
supplants, using the program CowLog (version 1.1, Hänninen & Pastell 
2009). We defined the winner of each trial as the individual who had more 
chases and supplants than her opponent. However, we only observed 
aggressive interactions in 26 of the 35 trials.    
 
 
Ethical note 
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 Birds used in this study were captured from the wild under state 
permit number SP720851 and federal permit number MB088806-0. The 
birds were maintained in captivity for 13-27 days following Arizona State 
University IACUC guidelines and in conditions described above approved 
under IACUC protocol number 11-1160R. The birds were then returned to 
the exact locations at which they were captured and released with metal leg 
identification bands under Bird Banding Lab permit number 23362. 
 
Statistical Analyses 
 Statistical analyses for aggression trials were adapted from Kemp et 
al. (2006) and included only the 26 trials in which aggressive interactions 
occurred and a winner and loser could be determined. To examine which 
variables were related to an individual’s contest outcome, we performed 
multiple logistic regressions with outcome (win or loss) as the response. We 
chose a random focal female in each dyad and modeled the probability of this 
individual winning on the basis of a set of variables (below), each of which 
was calculated by subtracting the opponent’s value from that of the focal 
female (sensu Kemp et al. 2006). We calculated the differences (focal – rival) 
for raw color variables (gorget brightness, red chroma, hue, and 
directionality), gorget size, body size variables (tarsus length, culmen length, 
wing length, and body mass measured directly before the trial), and the 
number of days in captivity before the trial. We then created principle 
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components (PCs) for collinear predictor variables. Predictor variables 
considered for model inclusion were thus 2 PCs for color and gorget size 
differences (Supplementary Material Table S1), 2 PCs for body size 
differences (Supplementary Material Table S2), and differences in the 
number of days in captivity.  
 Second, to examine whether contest duration was related to the 
difference in opponent characteristics, we performed multiple regressions 
with the total number of aggressive interactions in the trial as the response 
variable. Because regressions using raw number of aggressive interactions as 
the response variable generated non-normal residuals, we square-root-
transformed the number of aggressive interactions to improve normality. We 
calculated the absolute value of the difference in raw color variables (gorget 
brightness, red chroma, hue, and directionality), gorget size, body size 
variables (tarsus length, culmen length, wing length, and body mass), and the 
number of days in captivity before the trial for the two opponents. We used 
the absolute value of the differences in variables because the prediction that 
contest duration should be shorter with increased dissimilarity between 
opponents does not depend upon individual outcome. Again, we created PCs 
for the differences in ornament color variables (Supplementary Material 
Table S3) and body size variables (Supplementary Material Table 4) to avoid 
multicollinearity in the models.  
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 Finally, to examine whether loser traits alone predicted the number of 
times the loser was chased or supplanted by the winner, we performed 
multiple regressions with square-root-transformed number of winner 
attacks as the response variable. We used the same candidate predictor 
variables as above for each individual loser. We again created sets of PCs for 
intercorrelated ornamental color (Supplementary Material Table S5) and 
body size (Supplementary Material Table S6) variables. 
 For all statistical models, we used an information theoretic approach 
to select the most parsimonious final models based on lowest Akaike 
information criterion value (Burnham & Anderson 2004). When no 
significant models were detected, we present the results of full models 
including all predictive parameters. 
  
Results 
 In the 26 trials for which we determined a winner and loser, we 
recorded a total of 198 aggressive interactions, with 84 total chases and 114 
supplants. Twelve trials (46%) were completely one sided, with the ultimate 
winner of the trial winning all aggressive interactions. In 6 of the remaining 
14 trials, the loser only won one interaction in each trial.  
 For win-loss outcome, there were no statistically significant models. 
This was the case whether we used principle components for ornament and 
body size or raw data. Thus, we present the model with all variables, 
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including difference in days in captivity, differences in color PCs, and 
differences in body size PCs (logistic regression: Wald X25 = 1.27, N = 23, P = 
0.938; individual parameter estimates are presented in Table 11). Similarly, 
for total trial aggression, there were no statistically significant models, 
whether we used principle components for the absolute values of differences 
in plumage ornament and body size or raw data. We present the model for 
trial aggression with all variables, including the absolute value of differences 
in days in captivity, PCs for color differences, and PCs for body size 
differences (multiple regression: F5,17 = 0.47, P = 0.794; individual parameter 
estimates are presented in Table 12). 
 When we examined whether loser traits affected how much 
aggression was directed by their opponent, the model with the lowest AIC 
included the number of days the loser had been in captivity and loser Color 
PC2 (multiple regression: AIC = -5.27, F2,22 = 4.59, P = 0.022), but the 
parameters within the model were not significant (days in captivity, t1,22 = 
1.95, P = 0.064; color PC2, t1,22 = 1.70, P = 0.102). The model containing all 
predictor variables was non-significant and included no significant 
parameters (multiple regression: F5,19 = 1.84, P = 0.152; individual parameter 
estimates are presented in Table 13). 
 
Discussion 
 In paired aggression trials in captivity, we found that iridescent 
coloration did not predict agonistic interactions and outcomes in female 
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Anna’s hummingbirds. Female ornamentation did not affect contest outcome, 
the number of aggressive interactions during contests, or the level of 
aggression received by losing opponents. Therefore, it is likely that the 
degree of elaboration of iridescent gorget coloration in female Anna’s 
hummingbirds has no role in agonistic signaling during food competition in 
contrast to the hypothesis first put forth more than 4 decades ago (Wolf 
1969).  
 It is possible that our aviary conditions were not similar enough to 
those in the field (i.e., guarding nests and defending nesting territories in a 
larger area with more natural food resources). Additionally, although trials 
were conducted during the breeding season, our birds had no access to males 
during their captivity and may not have been in breeding condition and thus 
not motivated to compete over resources. However, the females interacted 
aggressively with one another in 26 out of 35 trials, making this scenario 
unlikely.  
 Given the high degree of variation observed in female coloration and 
gorget size and pattern, it is also possible that female gorgets serve as signals 
of identity (Dale 2006) during agonistic interactions. Anna’s hummingbirds 
maintain territories that are close together and they are philopatric, making 
it likely that interaction rates with the same individual are high enough for 
identity signals to operate. In this case, we would not expect the exaggeration 
of the ornament to affect aggressive interactions or be linked to condition 
(which we did not find in Chapter 4), and previously unknown individuals 
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would be likely to challenge one another as we observed (Dale et al. 2001). 
The high variation in female gorget coloration, especially hue and chroma, 
which are higher than variation observed in an equivalent sample of males, 
provides evidence that this hypothesis would be interesting to test (Table 10, 
Figure 7). Additionally, female gorgets, while not varying more in size than 
males, appear to vary greatly in pattern, with some females displaying little 
to no iridescent gorget coloration, individual females displaying feathers that 
vary in dominant hue from appearing magenta to gold to bronze-green, and 
spotting patterns that vary among females (Figure 6). Further testing is 
required to evaluate the hypothesis that gorget coloration may serve as an 
identity signal among female Anna’s hummingbirds, a hypothesis that 
remains viable in males as well even though variation in male coloration 
does play a part in dominance interactions (Chapter 2). 
 Female behavior during aggression trials and links between 
coloration and aggressive interactions differed markedly from that observed 
in male Anna’s hummingbirds during similar trials. During trials between 
males, nearly all aggressive interactions were chases rather than supplants 
(Chapter 2), whereas we observed slightly more supplants (114) than chases 
(98) in female aggression trials. Additionally, male aggression trials were 
nearly all completely one-sided, with the ultimate trial winner winning all of 
the aggressive interactions recorded during the trial (Chapter 2). By contrast, 
in 14 out of our 26 female-female trials, the losing opponent attacked the 
winner at least once during the trial. Finally, in male Anna’s hummingbirds, 
106 
we observed that individuals with less colorful and smaller iridescent crown 
and gorgets won interactions and that more colorful and larger-ornamented 
individuals received more aggression from their opponents (Chapter 2). In 
contrast to our studies of males, we uncovered no evidence suggesting that 
homologous female ornaments are related to contest outcome or opponent 
reaction. The fact that both females, who had not previously interacted, tend 
to initiate challenges lends further support to the idea that female gorget 
pattern and color may serve as an identity signal. Female ornaments in 
Anna’s hummingbirds differ markedly from those in males in that they do not 
incur increased social costs by being more elaborate.  
 In sum, these results suggest that the degree of ornament elaboration 
in female Anna’s hummingbirds does not serve as a signal during aggressive 
interactions. It remains possible that elaboration in females functions in male 
mate choice, especially if iridescent coloration in females is costly to produce 
as we demonstrated in males (Meadows et al., in press). Further, as we 
discuss above, female color pattern could alternatively serve as a signal of 
identity rather than quality or aggressiveness. Finally, female ornamentation 
could be entirely non-functional in Anna’s hummingbirds. Female Anna’s 
hummingbirds lack an iridescent magenta crown and have smaller gorgets 
than males, suggesting that selection may act against ornament elaboration 
in females and that female coloration may be the result of genetic correlation 
(Fisher 1930; Lande 1980). Future work is needed to examine whether 
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female coloration is involved in male mate choice or serves as a signal of 
identity during aggressive interactions. 
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Table 10. Minimum, maximum, and mean values for female and male gorget color and size measurements obtained from a 
sample of 66 females and 66 males for color measurements and 70 females and 70 males for gorget size measurements. 
Standard deviations are an appropriate estimate of variability that can be compared between females and males within the 
same color metric, while coefficients of variation are not included because they are artificially lowered in females due to their 
lower mean values for each trait (Dale 2006). Females are significantly more variable than males in gorget hue and chroma, 
but males are more variable in brightness, directionality, and size (Levene’s test for equality of variances). 
 
 Females______________________ Males________________________ Levene’s test_ 
Color Metric Min Max Mean SD Min Max Mean SD F P 
Brightness 0.06 0.55 0.25 0.12 0.35 1.47 0.83 0.24 20.68 <0.001 
Red chroma 0.28 0.66 0.54 0.08 0.50 0.66 0.60 0.03 24.20 <0.001 
Hue 566.00 651.00 624.60 14.42 619.00 649.33 636.43 6.39 10.08 0.002 
Directionality 0.03 0.38 0.13 0.09 0.21 1.27 0.64 0.22 39.41 <0.001 
Size 0.11 1.10 0.48 0.21 1.74 3.19 2.62 0.28 6.12 0.015 
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Table 11. Full model results for logistic regression examining contest 
outcome (win/loss) as a function of PCs computed using differences between 
focal and opponent plumage-color and body-size traits. There was no 
significant statistical model (full model: Wald Chi-Square = 1.27, N = 23, DF = 
5, P = 0.938). 
 
Parameter Max. likelihood 
estimate Wald chi-square P 
Intercept 0.03 <0.01 0.953 
Days in captivity 0.09 0.49 0.483 
Color PC1 -0.10 0.04 0.845 
Color PC2 0.07 0.02 0.899 
Body size PC1 0.50 0.70 0.401 
Body size PC2 0.04 0.01 0.926 
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Table 12. Full model results for multiple regression examining number of 
aggressive interactions per trial as a function of PCs computed with the 
absolute values of differences between focal and opponent plumage-color 
and body-size traits. There was no significant statistical model (full model: 
F5,17 = 0.47, P = 0.794). 
 
Parameter Parameter 
estimate t1,17 P 
Intercept 2.87 8.05 <0.001 
Days in captivity -0.02 -0.32 0.752 
Color PC1 -0.14 -0.53 0.602 
Color PC2 0.25 0.98 0.343 
Body size PC1 0.17 0.83 0.415 
Body size PC2 0.05 0.18 0.862 
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Table 13. Full model results for multiple regression examining number of 
winner attacks per trial as a function of PCs computed using loser plumage-
color and body-size traits and the number of days the loser had spent in 
captivity (full model: F5,19 = 1.84, P = 0.152). 
 
Parameter Parameter 
estimate t1.19 P 
Intercept 0.75 0.77 0.453 
Days in captivity 0.09 1.88 0.076 
Color PC1 0.17 0.87 0.398 
Color PC2 0.30 1.58 0.132 
Body size PC1 0.08 0.42 0.678 
Body size PC2 0.10 0.53 0.603 
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Figure 8. Female gorget variation. While female gorget size is significantly 
less variable than males’, variability in size and pattern are striking. A – E 
below demonstrate size variation, with A having zero magenta iridescent 
feathers (but having a few tiny bronze gorget feathers), B representing the 
first quartile with 14, C representing the average of 28, D the third quartile 
with 41, and E is the individual with the largest gorget measured in this study 
with 81 iridescent magenta feathers. F – J further demonstrate pattern 
variation. F and G both have the same number of magenta feathers (4), but G 
has a large number of green-bronze gorget feathers as well. H has the same 
number of feathers as C, while I and J have roughly the same number of 
magenta feathers (36 and 40, respectively) as D, but in all of these cases, the 
pattern is clearly discernable among individuals. 
 
 
  
A B C D E 
F G H I J 
Figure 9. Range in spectra for female and male gorget feathers. We calculated 
the average reflectance at each wavelength within the avian vis
gorget feathers from 66 female (red) and 66 male (blue). The bars represent 
the full range for reflectance for measured male and female gorget feathers. 
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Supplementary Material 
 
Table S1. Principle components analysis of differences in opponent values for 
collinear gorget color and size variables. We retained 2 principle components 
(PCs), explaining 86.95% of the variation in coloration. Component loadings 
indicate the strength and direction of association of each original color 
variable with each PC.  
 
  Diff. Color PC1 Diff. Color PC2 
Ei
ge
n
-
v
al
u
es
 
Total 3.55 0.79 
% Variance 71.08 15.87 
Cumulative % 71.08 86.95 
Co
m
po
ne
n
t 
lo
ad
in
gs
 
Gorget size 0.78 -0.23 
Brightness 0.90 -0.40 
Red chroma 0.90 0.39 
Hue 0.80 0.57 
Directionality 0.84 -0.33 
 
Table S2. Principle components analysis of differences in opponent values for 
collinear body size variables. We retained 2 PCs, explaining 64.31% of the 
variation in body size. Component loadings indicate the strength and 
direction of association of each original body size variable with each PC.  
 
  Diff. Body Size PC1 Diff. Body Size PC2 
Ei
ge
n
-
v
al
u
es
 
Total 1.55 1.03 
% Variance 38.62 25.69 
Cumulative % 38.62 64.31 
Co
m
po
ne
n
t 
lo
ad
in
gs
 
Body mass 0.60 -0.37 
Tarsus length 0.12 0.94 
Culmen length 0.79 0.10 
Wing length 0.74 0.05 
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Table S3. Principle components analysis of absolute values of differences in 
opponent values for collinear gorget color and size variables. We retained 2 
PCs, explaining 78.72% of the variation in coloration. Component loadings 
indicate the strength and direction of association of each original color 
variable with each PC.  
 
  Abs. Diff. Color PC1 Abs. Diff. Color PC2 
Ei
ge
n
-
v
al
u
es
 
Total 2.83 1.10 
% Variance 56.63 22.09 
Cumulative % 56.63 78.72 
Co
m
po
ne
n
t 
lo
ad
in
gs
 
Gorget size 0.59 -0.18 
Brightness 0.79 0.53 
Red chroma 0.83 -0.46 
Hue 0.81 -0.45 
Directionality 0.71 0.62 
 
Table S4. Principle components analysis of absolute values of differences in 
opponent values for collinear body size variables. We retained 2 PCs, 
explaining 64.37% of the variation in differences in opponent body size. 
Component loadings indicate the strength and direction of association of 
each original body size variable with each PC. 
 
  Abs. Diff. Body Size 
PC1 
Abs. Diff. Body Size 
PC2 
Ei
ge
n
-
v
al
u
es
 
Total 1.41 1.17 
% Variance 35.19 29.18 
Cumulative % 35.19 64.37 
Co
m
po
ne
n
t 
lo
ad
in
gs
 
 
Body mass 0.44 -0.63 
Tarsus length 0.73 0.40 
Culmen length 0.78 0.24 
Wing length -0.28 0.74 
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Table S5. Principle components analysis of losing opponent values for 
collinear gorget color and size variables. We retained 2 PCs, explaining 
91.22% of the variation in coloration. Component loadings indicate the 
strength and direction of association of each original color variable with each 
PC. 
 
  Loser Color PC1 Loser Color PC2 
Ei
ge
n
-
v
al
u
es
 
Total 3.79 0.77 
% Variance 75.80 15.41 
Cumulative % 75.80 91.22 
Co
m
po
ne
n
t 
lo
ad
in
gs
 
Gorget size 0.85 0.04 
Brightness 0.89 -0.42 
Red chroma 0.93 0.33 
Hue 0.82 0.52 
Directionality 0.87 -0.46 
 
Table S6. Principle components analysis of losing opponent values for 
collinear body size variables. We retained 2 PCs, explaining 65.86% of the 
variation in differences in opponent body size. Component loadings indicate 
the strength and direction of association of each original body size variable 
with each PC. 
 
  Loser Body Size 
PC1 
Loser Body Size 
PC2 
Ei
ge
n
-
v
al
u
es
 
Total 1.37 1.26 
% Variance 34.33 31.53 
Cumulative % 34.33 65.86 
Co
m
po
ne
n
t 
lo
ad
in
gs
 
 
Body mass 0.07 0.81 
Tarsus length 0.81 <0.01 
Culmen length 0.25 -0.76 
Wing length 0.81 0.17 
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Chapter 4 
 
ORNAMENTAL IRIDESCENT COLORATION VARIES WITH AGE AND SEASON 
BUT NOT BODY CONDITION IN ANNA’S HUMMINGBIRDS 
 
 Many sexually selected traits reveal information about the bearer’s 
quality as a mate or competitor. These traits can be environmentally 
sensitive and vary with time of year and an animal’s age and/or current 
condition. Iridescent colors have been shown in several studies to be 
condition-dependent and to vary with age, but the year-round pattern of 
condition-dependence of iridescent coloration, which may have an impact on 
signaling, has not been previously explored. For organisms that interact 
aggressively outside of the breeding season or that maintain or form pair 
bonds outside of the breeding season, signals may operate year-round. 
Iridescent structures, especially those in feather barbules, are fragile and 
may degrade substantially as they age. Here, we examine how iridescent 
coloration varies with season (i.e., freshness of feathers following molt), age, 
and body condition (i.e., structural-size corrected body mass) in adult male, 
female, and juvenile male Anna’s hummingbirds (Calypte anna). We found 
that 1) adult male coloration decreases with age in successive breeding 
seasons, 2) color in adult males and females varies with season and is most 
exaggerated during the breeding season following molt, and 3) color was not 
correlated with body condition in any age or sex group or during any season. 
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In contrast to the pattern of increasing ornamentation with age observed in 
most animals, Anna’s hummingbird coloration may decrease due to the 
concurrent impacts of high metabolism, high oxidative stress, and high 
testosterone. Changes with season add to the evidence that iridescent colors 
are particularly fragile and costly to maintain. While iridescent coloration is 
dependent upon dietary protein as shown in a previous study it  does not 
appear to signal body condition. In sum, iridescent color in Anna’s 
hummingbirds may convey a great deal of information to conspecifics 
including age and ability to withstand maintenance costs, but not body 
condition. 
 
Introduction 
 Many sexually selected traits are environmentally sensitive and reveal 
aspects of an individual’s health, condition, or other current qualities 
(Andersson 1994; Price 2006). Environmental factors (e.g., diet, parasite 
exposure) may affect both the raw materials for producing elaborate traits 
and the maintenance of these traits when displayed for long periods of time 
(e.g., butterfly scales, bird feathers; Kemp 2006; Delhey et al. 2006; Shawkey 
et al. 2007; Delhey et al. 2010) such that only some individuals are able to 
bear the high cost of producing or maintaining the most elaborate 
ornamentation (Zahavi 1975; Kodric-Brown & Brown 1984; Grafen 1990; 
Getty 2006). Thus, such ornamental traits have the potential to communicate 
several kinds of pertinent information about the bearer to receivers during 
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mate choice, intrasexual competition, parent-offspring interactions or other 
social contexts. Among sexually selected traits, animal colors have been well-
studied in terms of their condition-dependence, and carotenoid pigment-
based colors are among the best understood in terms of their links to current 
nutrition, health, and fitness (Hill & McGraw 2006a; Hill & McGraw 2006b).   
 In addition to being condition-dependent, many ornamental color 
traits vary with age, usually such that older individuals are more colorful 
than younger individuals (Doucet & Montgomerie 2003; Hill et al. 2005; 
Costa & Macedo 2005). In a mate-choice context, these more colorful and 
older individuals may be preferred mates because they provide the direct 
benefit of being more experienced in offspring care or because they confer 
the indirect benefit of supplying better genes for offspring survival (Komdeur 
et al. 2005). However, in some cases, individuals become more colorful until 
their reproductive prime, but become less colorful in old age (e.g., in gelada 
monkeys Theropithecus gelada, Bergman & Beehner 2008). 
 Both colored ornaments and aspects of condition can change outside 
of the development of the ornament, and the relationship between condition 
and coloration may vary by time of year or population because of variation in 
either parameter (e.g., Vergara et al. 2011). Body condition, often estimated 
by mass to structural size ratio, for example, may change in response to food 
availability, use of stored body reserves (e.g., for mating or migrating), 
illness, or other environmental factors. In the literature, questions have been 
raised about the degree to which colorful ornaments reflect past condition 
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(during the time the ornament was developed) versus present condition 
(even much after development; Delhey et al. 2006). In studies of bird 
coloration, for example, feather coloration is often related to feather growth 
rate, both of which reflect condition during molt (Keyser & Hill 1999; Hegyi 
et al. 2007; Siefferman et al. 2008; Griggio et al. 2009; Maia & Macedo 2011). 
The coloration of ornaments can change, usually negatively, after their 
development, even in “dead” tissues like feathers (e.g., Delhey et al. 2006). 
This can occur in response to factors like wear (Fitzpatrick 1998; Griggio et 
al. 2011), preening to remove dirt and apply preen oil (Zampiga et al. 2004), 
degradation by parasites that consume feathers including keratinophylic 
bacteria (Shawkey et al. 2007) and feather mites (Moreno-Rueda & Hoi 
2012), degradation of photoactive pigments by exposure to the sun (Test 
1940; McGraw & Hill 2004), or even the process of wetting and drying 
(which in one study actually increased brightness of iridescent feathers; 
Shawkey et al. 2011). In either case, the relationship between current 
condition and coloration may be expected to be variable throughout the year, 
which may have important implications for sexual signaling or social 
signaling outside of the time directly following molt. Because of this, it is 
important to explore how coloration varies from season to season and to 
determine the information content of color signals throughout the year 
rather than just during the breeding season. This may be particularly 
relevant and important in species that maintain year-round territories or 
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otherwise may have opportunities for sexual or social signaling outside of the 
breeding season. 
 While some sexually selected ornaments are limited to adult males, 
similar ornaments occur in females and juveniles in many species 
(Siefferman & Hill 2007; Kraaijeveld et al. 2007). The condition- and age-
dependence and potential for change throughout the year is comparatively 
understudied in juveniles and females. Among those studies that have been 
conducted, it is clear that juvenile and female coloration can be condition-
dependent (Berglund et al. 1997; Siefferman & Hill 2005b; Weiss 2006; Bize 
et al. 2006; Siefferman et al. 2008; Doutrelant et al. 2012). Juvenile coloration 
may influence parental care, such that more colorful offspring receive more 
care (Kilner 2006), and female coloration may be involved in male mate 
choice or in female-female competition for mates or other breeding 
resources (Amundsen & Pärn 2006; Kraaijeveld et al. 2007).  
 Finally, while the condition-dependence of pigment-based colors and 
some structural colors have been well-studied to date, there are 
comparatively few studies examining the condition-dependence of iridescent 
colors (Chapter 1). Iridescent colors are those structural colors that change 
in hue or intensity with changes in viewing geometry as a result of the 
organization of optical nanostructures that cause differential constructive 
and destructive interference at various wavelengths of visible light (Prum 
2006). Because of the way these nanostructures interact with light, iridescent 
colors are often particularly brilliant and chromatic, and their changeability 
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makes them appear to conspicuously flash or change in color, making them 
particularly interesting to study as potential information-containing signals 
in social contexts (Doucet & Meadows 2009). These colors have been 
demonstrated correlationally and experimentally to be condition-dependent 
as well as age-dependent (Bitton et al. 2007; Bitton & Dawson 2008; 
Meadows et al. in press; Chapter 1), but more studies are needed to better 
characterize the information-content of these brilliant colors (Doucet & 
Meadows 2009; Chapter 1). It is particularly interesting and pertinent to 
explore the condition-dependence and propensity for seasonal color change 
of iridescent feathers because these structures are produced in feather 
barbules and are more easily subject to damage than other types of pigment-
based or structural color (Doucet & Meadows 2009). Very little is currently 
known about how iridescent colors change seasonally compared with other 
color types. 
 Here, we examined plasticity in iridescent coloration within 
individuals from one year to the next, color changes among seasons when 
feathers are newly molted versus old, and the condition-dependence of 
coloration during various times of year in free-ranging juvenile male, adult 
male, and female Anna’s hummingbirds (Calypte anna) during a five-year 
period from 2007 – 2011. Anna’s hummingbirds display brilliant iridescent 
magenta gorgets that are larger in adult males than in juvenile males and 
females. Usually only males have magenta iridescent crowns  (approximately 
1% of females display some red in their crown feathers, pers. obs.) and 
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crowns are smaller or absent in juvenile males. These ornaments are 
conspicuously displayed by adult males and sometimes by juvenile males 
during dive displays and perched chatter-sway displays that are oriented 
towards the sun to maximize their brilliance and that are performed towards 
both other males and females (Hamilton 1965; Stiles 1982). While females do 
not perform these ritualized displays, they often sit near the tops of trees and 
turn their heads back and forth, making the gorget appear very conspicuous 
and flashy (pers. obs.).  
 The extent of male Anna’s hummingbird coloration has been shown to 
affect competition outcomes and is sensitive to diet. The size and color of the 
gorget and crown impact aggressive competitions between males such that 
less ornamented males win fights, and males receive aggression that is 
positively correlated with the degree of elaboration of their ornaments 
(Chapter 2). This suggests that colorful males are not desirable territory 
neighbors, and that these colors may have a role in mate choice, although this 
hypothesis remains to be directly tested. In males, these ornaments are also 
affected by dietary protein, a limited nutrient in their diet, during their 
development such that birds fed more protein in an experimental study grew 
more colorful feathers (Meadows et al., in press). Males in this study grew 
new feathers that were less colorful than their original feathers, which could 
be an effect of age or of general conditions during their captivity that were 
inferior to conditions experienced during molt in the wild (Meadows et al., in 
press). In addition to the effects of captivity and protein manipulation on 
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newly-grown feathers, we found that reference feathers that were not 
regrown during the study decreased in brightness, indicating an effect of 
wear on feather coloration (Meadows et al., in press). Gorget ornamentation 
does not affect the outcome of female-female aviary competitions (Chapter 3) 
and it is unknown whether female coloration is affected by dietary protein or 
other environmental factors during its development. The condition-
dependence and social implications of juvenile male coloration have not 
previously been explored in this species.  
 Based on existing literature and our research on Anna’s 
hummingbirds, we developed several predictions for the current study. 
Because male Anna’s hummingbird ornamentation is involved in male-male 
competition, may be important in mate choice, and is positively related to 
dietary protein levels, we predicted that male coloration would be condition-
dependent during the breeding season, when the feathers are newly molted 
and serve a signaling role. Because iridescent feather color may change with 
wear (Meadows et al., in press), we predicted that the relationship between 
condition and coloration will be less apparent outside of the breeding season. 
We also predicted that male ornamentation would increase with age (i.e., 
from one year to the next), as seen in many other birds and other organisms. 
With a less apparent signaling role and reduced ornament expression 
compared to males, we did not expect strong condition dependence of female 
coloration. However, we expected that iridescent coloration in females will 
also be subject to wear and will decrease over time after molt. If juvenile 
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male coloration has a signaling role either during “practice” territorial 
contests that occur before maturation (pers. obs.) or in offspring-parent 
signaling, juvenile male color may be condition-dependent during the 
summer juvenile stage.  
 
Methods 
Capture 
 From 15 January 2007 to 11 February 2011, we use Hall traps 
(Russell & Russell 2001) baited with sugar-water feeders to capture, and 
sample 72 juvenile male, 150 female, and 197 adult male Anna’s 
hummingbirds in backyards and on the Arizona State University campus in 
Tempe, Phoenix, and Queen Creek, Arizona, USA . Birds were aged and sexed 
based on bill striations and plumage patterns (Pyle 1997); however, because 
juvenile and adult females are difficult to distinguish after juveniles lose their 
bill striations, females were lumped together. We banded each bird with a 
uniquely numbered metal ring, measured culmen length, tarsus length, and 
wing chord to the nearest 0.01 mm with digital calipers, measured body mass 
with a digital field balance, collected feathers for spectral analysis (see 
below), and took digital photographs for measurement of gorget ornament 
size in all birds and crown size in males only (see below). Wing chord was 
not measured in birds that were in the process of molting the outermost and 
longest primary (P10), and color and ornament size could not be measured 
in individuals lacking these ornaments altogether. Because of these caveats 
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and missing data points for birds that escaped before all data was collected, 
sample sizes differ for each analysis and are reported for each below. Birds 
were released directly after data collection with the exception of those used 
in captive studies (see Chapters 1-3, Meadows et al., in press).  
 
Reflectance spectrophotometry 
 Our reflectance spectrophotometry methods are detailed in Meadows 
et al. (2011) and were designed to achieve highly repeatable measurements, 
allow precise alignment of feather, spectrophotometer probe, and light. 
(Meadows et al. 2011). For adult and juvenile males we sampled 3 gorget and 
3 crown feathers, except for 27 of the adult males captured early in 2007 
from whom we collected and measured 1 crown feather and 5 gorget 
feathers. For females, we collected and measured 3 gorget feathers. The 
feathers collected for each bird were mounted individually on fine art-quality 
black cardstock, and spectral measurements were collected using the Ocean 
Optics equipment (Dunedin, Florida) and custom-designed and -built 
goniometric light table described in Meadows et al. (2011). Using a 
translational stage, we tilted feathers while maintaining constant light and 
probe angles so that feather reflectance was maximized based on real-time 
output of OOIBase software (Meadows et al. 2011).  
 We then processed spectral data using the program CLR (version 1.5, 
(Montgomerie 2008). Using CLR-Files, we binned spectra in 1 nm increments 
from 300-700 nm (the visual range of birds; Bennett et al. 1994), and we 
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used CLR-Var to calculate brightness, hue, and chroma (B2, H1, and S1R in 
CLR version 1.5; Montgomerie 2008). We also measured directionality as 
described in (Meadows et al. in press) by tilting feathers 10 degrees away 
from maximal brightness and subtracting the resulting B2 value from that 
obtained at maximal brightness such that Directionality = B2max – B2off). This 
metric was not calculated for 27 males captured in early 2007. Mean values 
for each color metric were then calculated from the all measurements from 
each feather within an ornament and were calculated separately for the 
crown and gorget feathers of each bird (see Meadows et al. 2011 for 
repeatability estimates).  
 
Ornament size measurement 
 Digital photographs were taken of ornaments with a 1 cm2 size 
standard carefully elevated to the same height as the ornament being 
photographed. The camera was held level and steady using a small tripod. 
We took one photo of the crown for males (which is flat from above). For 
adult males, we took 3 photographs of the left, middle, and right parts of the 
gorget, which extends around the chin and throat to the sides. For females 
and some juvenile males in which gorget coloration was limited to the middle 
of the chin and throat, one photograph of the middle region was sufficient to 
capture the entire ornament in a flat plane. We used the histogram function 
in Photoshop (Adobe Systems, version 8.0) or the area measurement tools in 
Image J (National Institute of Health, version 1.41) to count the number of 
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pixels in the ornament compared to the size standard. Repeatability of these 
measurements is high and significant (Chapter 2).  
 
Color change in individuals with age 
 We captured 15 adult hummingbirds in multiple breeding seasons. Of 
these, 13 were recaptured males and 2 were recaptured females. Two males 
were captured during 3 consecutive breeding seasons and the rest were 
captured twice during different breeding seasons. Using these data, we 
examined inter-year correlations in color expression and color change with 
relative age (i.e., from one year to the next). Because Anna’s hummingbirds 
molt in the summer in between winter breeding seasons, we examined only 
birds that were captured during different October – January time periods 
when they should have molted their feathers in between. Because only two 
females were recaptured, one having no red gorget feathers, we restrict our 
analyses to males. For the two individuals that were captured 3 times, we 
included only their first two captures.  
 To examine the direction of color changes in individuals from 
breeding season to breeding season, we examined differences from season to 
season using paired t-tests for each color or ornament size metric. To 
examine plasticity in ornament coloration within individuals, we examined 
correlations in color metrics from year to year. 
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Color change throughout the year 
 To examine how color changes throughout the year in Anna’s 
hummingbirds, we investigated color change in adult males (N = 194) and 
females (N = 134) captured from January 2007 – February 2011. We pooled 
sampling across years, and divided sampling periods into quarters based on 
the breeding and molting seasons of Anna’s hummingbirds in Phoenix, AZ 
(pers. obs.): November – January (Early Breeding), February – April (Late 
Breeding), May – July (Early Molting), and August – October (Late Molting). 
We investigated differences in coloration when feathers were fresh during 
the early breeding season until late in the molting season when sampled 
feathers (those not being currently molted) were nearly a year old. In cases 
where an individual was sampled more than once, only data from one sample 
was included. In most cases, we include data from the first time the 
individual was sampled, but in a few cases, the second sampling was included 
instead to more evenly distribute sample sizes for each quarter or to use the 
sampling period for which the most complete set of data were available. 
 Because sample sizes differed widely among quarters and variances 
were often not homogeneous among quarters, we used non-parametric 
Kruskal-Wallis tests to test for color differences during different quarters of 
the year. When models were significant, post-hoc pairwise Kruskal-Wallis 
comparisons were used to examine differences between quarters.  
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Coloration and Body Condition 
 We analyzed correlations between coloration and body condition and 
body mass as estimates of physical condition in adult males (N = 146), 
females (N = 100), and juvenile males (N = 38). To determine a metric for 
body condition, we examined correlations betwezen body mass and three 
structural size variables including tarsus length, wing chord, and culmen 
length, and estimated body condition as the residual of a regression of body 
mass on structural size using all individuals for which size data was collected. 
For juvenile males, only tarsus length was significantly positively correlated 
with body mass, so the regression of body mass on tarsus length was used to 
compute body condition (F1,70 = 5.89, P = 0.018). For adult males and females, 
tarsus length was not significantly correlated with body mass, but both 
culmen and wing length were. We selected wing length as the structural size 
measure (females, F1,137 = 5.01, P = 0.027; males, F1,187 = 13.52, P < 0.001). In 
addition, we used raw body mass as an indicator of body condition because 
body condition indices calculated as above are sometimes problematic 
(Heath et al. 2011).  We were not able to verify their efficacy as indicators as 
suggested by Heath and colleagues by examining body condition correlations 
with measures of health obtained via blood sampling because the amount of 
plasma that can be collected from 4.5 g hummingbirds is very small and 
because healthy Anna’s hummingbirds commonly have no furcular fat 
deposit (pers. obs.). 
137 
 To determine whether coloration is indicative of body condition 
(either mass-structure residual or raw mass), we performed separate linear 
regressions in which all ornamentation variables were included as 
independent variables in models. To determine whether the relationship 
between body condition and coloration varied by time of year, we also ran 
general linear models including quarter of the year as a fixed factor and body 
condition as a covariate. In addition, separate linear regression models were 
run for each quarter of the year to examine relationships between coloration 
and body condition at different times of year when feathers were freshly 
molted and could have a signaling role in sexual selection during early or late 
breeding or during the non-breeding season when feathers were more worn.  
 
Results 
Color change in individuals with age 
 Crown brightness, crown red chroma, crown directionality, and 
gorget size significantly decreased with age in Anna’s hummingbirds (Table 
14, Figure 8). Crown hue, gorget color metrics, and crown size were not 
significantly different from year to year, although differences in gorget 
brightness and red chroma approached significance (Table 14). Including the 
two females in this analysis did not change the statistical results (results not 
shown). Within individuals, crown red chroma (N = 12, r = 0.79, P = 0.002), 
crown hue (N = 12, r = 0.70, P = 0.012), and gorget hue (N = 12, r = 0.71, P = 
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0.010) were correlated, while other color metrics were not significantly 
correlated (results not shown).   
 
Color change throughout the year 
 All measured metrics of adult male coloration and ornament size 
changed significantly depending on the time of year (Table 15, Figure 9). 
Ornamentation was most exaggerated during the early breeding season 
directly following the completion of molt and remained the same through 
late breeding, but both crown and gorget red chroma increased in the late 
part of the breeding season (Figure 9). In all cases, ornamentation became 
less colorful after the breeding season, when feathers were old and when 
molting feathers significantly reduced the sizes of the crown and gorget 
(Figure 9).   
 In female Anna’s hummingbirds, gorget hue, directionality, and size 
changed significantly throughout the year, but gorget brightness and chroma 
did not differ significantly among times of year (Table 16, Figure 10). 
Interestingly, while males tended to be the most colorful during breeding and 
least colorful during late molt, females tended to be the most colorful late in 
the molting period (August – October).  
 
Condition-dependence of coloration 
 In juvenile males, iridescent plumage ornamentation was not 
predictive of body condition (F10,27 = 0.75, P = 0.68) or body mass (F10,27 = 
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0.89, P = 0.55). We could not examine whether condition-dependence of 
juvenile coloration differed by time of year because insufficient numbers of 
juveniles for this analysis were captured outside of the late molting quarter. 
 In females, iridescent coloration was not predictive of body condition 
(F5,90 = 0.66, P = 0.655) or body mass (F5,94 = 0.88, P = 0.501). There was no 
effect of body condition in our GLM by time of year (Pillai’s trace = 0.034, 
F5,87  = 0.62, P = 0.688), but there was an effect of quarter of the year, 
reflecting our results that color changes throughout the year (Pillai’s trace = 
0.31, F15,267 = 2.08, P = 0.011). When we examined for relationships between 
body condition and ornamentation within each quarter, there were no 
significant relationships (all P > 0.193). There was no effect of body mass in 
our GLM by time of year (Pillai’s trace = 0.040, F5,91  = 0.76, P = 0.581), but 
there was an effect of quarter of the year, again reflecting our results that 
color changes throughout the year (Pillai’s trace = 0.29, F15,279 = 1.97, P = 
0.017). When we examined for relationships between body mass and 
ornamentation within each quarter, there were no significant relationships 
(all P > 0.070). 
 In adult males, ornamentation was not predictive of body condition 
(F10,134 = 0.65, P = 0.772) or body mass (F10,135 = 0.44, P = 0.927). We only 
captured sufficient numbers of adult males for GLM analyses during the early 
breeding and late molting period, because adult males migrate into 
surrounding high elevation areas during the late spring and summer and are 
very rare during this time at our study site in the Phoenix valley; thus these 
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analyses include data only from the early breeding and late molting periods. 
There was no effect of body condition in our GLM by time of year (Pillai’s 
trace = 0.048, F10,132  = 0.61, P = 0.753), but there was an effect of quarter of 
the year, reflecting our results that color changes throughout the year 
(Pillai’s trace = 0.56, F20,266 = 5.16, P < 0.001). When we tested for 
relationships between body condition and ornamentation within each 
quarter, there were no significant relationships (all P > 0.767). There was no 
effect of body mass in our GLM by time of year (Pillai’s trace = 0.037, F10,133  = 
0.52, P = 0.877), but there was an effect of quarter of the year, again 
reflecting our results that color changes throughout the year (Pillai’s trace = 
0.56, F20,268 = 5.24, P < 0.001). When we examined for relationships between 
body mass and ornamentation within each quarter, there were no significant 
relationships (all P > 0.628). 
 
Discussion 
 We found that iridescent plumage ornamentation in Anna’s 
hummingbirds 1) decreased with age in adult males, 2) varied by time of 
year and was most brilliant in freshly molted feathers in adult males and 
during late molt in females, and 3) was not correlated with body mass or 
mass-size residuals in adult males, females, or juvenile males.    
 An age-related decrease in plumage coloration is inconsistent with 
many ornamentation patterns in other animals that have been examined to 
date, but consistent with observations of other animals whose 
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ornamentation decreases with old age following their reproductive prime 
(Bergman & Beehner 2008). In most organisms, including some iridescent 
birds (tree swallows Tachycineta bicolor, Bitton & Dawson 2008; European 
starlings Sturnus vulgaris, Komdeur et al. 2005; magnificent frigatebirds 
Fregata magnificens, Madsen et al. 2007), the size and brilliance of coloration 
increases with age. Our sample size of recaptured males was modest (13), 
but this result suggests that less colorful males may be older individuals. This 
may help explain earlier results that less colorful adult male Anna’s 
hummingbirds tend to win aggressive contests (Chapter 2). Because Anna’s 
hummingbirds exhibit breeding territory philopatry (Russell 1996), these 
older males may be more motivated to defend their territories from previous 
years.  
 Why does coloration decrease with age? In other birds, such as 
Eastern bluebirds (Sialia sialis), males investing more in parental care 
thereby taxing their energy reserves are less colorful the following year 
(Siefferman & Hill 2005a). It is possible that in an animal with an especially 
metabolically demanding lifestyle – in fact, one of the highest metabolisms 
observed among vertebrates – (Suarez 1992), old age and the constantly high 
demands of maintaining a high metabolism may result in low energy and 
nutrient reserves for developing ornamentation in older males. Additionally, 
because Anna’s hummingbirds are relatively short-lived birds (Russell 1996), 
they may place a great deal of effort into defending territories and mating as 
much as possible during their first year of breeding and during all 
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subsequent years that they live. As predicted by life history theory, increased 
energetic expenditure on one activity should reduce expenditure on another; 
expenditure on current reproduction at the expense of future reproduction is 
a classic example (Williams 1966; Partridge & Harvey 1985).  
 Additionally, high testosterone levels are often associated with 
extreme territorial behavior, and Anna’s hummingbirds are known for their 
intense aggression. Because testosterone can have a negative impact on 
health and increases metabolic rate (Buchanan et al. 2001; Roberts et al. 
2004), high testosterone in Anna’s hummingbirds may eventually decrease 
the energy available for increased ornamentation. In many birds, high 
testosterone levels are usually associated with higher degrees of 
ornamentation, which would occur if only high quality individuals can afford 
to maintain both high degrees of ornamentation and high testosterone levels 
(e.g., Peters et al. 2000; Duckworth et al. 2004). However, in animals that 
already have an extremely demanding metabolism like hummingbirds, the 
effects of high testosterone over time may be deleterious to brilliant 
coloration, such that older birds become less colorful. In fact, in blue tits, 
which exhibit structurally colored UV-blue crowns, UV coloration decreases 
with testosterone level in birds older than 1 year (Peters et al. 2006). Our 
result in this study showing that males become less colorful with age is 
consistent with previous work showing that birds undergoing a forced molt 
in captivity became less colorful, which may have been partially due to 
increasing age (Meadows et al., in press).  
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 While coloration decreased with age in individual adult males, some 
components of color were correlated within individuals from year to year 
(crown red chroma, crown hue, and gorget hue), and all other color metrics 
including ornament size were not correlated. This implies some degree of 
constancy in factors such as genes, early development, or food availability 
that determine coloration in individuals. Within adults, while ornaments 
decrease with age, in at least some components, this decrease was relative to 
coloration during previous years. However, this was not true of most 
components of coloration, implying a relatively high degree of plasticity in 
ornamentation during adulthood. A similar pattern has been seen in tree 
swallows (Bitton & Dawson 2008), and plumage coloration is indeed highly 
heritable in some birds (e.g., Bize et al. 2006; Py et al. 2006). Because 
genetically-determined plumage attributes may be linked with other aspects 
of genetically determined quality, these strongly heritable traits can still be 
important quality indicators (Roulin 2004).  
 Both male and female ornamentation changed throughout the year as 
a function of season and thus freshness of molt. As predicted, adult males 
were most colorful during the breeding season following molt. In some color 
metrics, the degree of elaboration increased marginally from early to late 
breeding which may reflect either the later arrival or maturation of younger 
individuals (given results above indicating that younger birds are more 
colorful) or a late completion of molt for some individuals. In females, 
coloration was most exaggerated late in the molting quarter of the year, 
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suggesting that perhaps females complete molt earlier than males as has 
been suggested by other authors (Williamson 1956).  This shorter molt 
period and earlier completion of molt in females may be due to the smaller 
area of their gorget ornaments and lack of magenta crown ornaments 
(Williamson 1956). The pattern we observed may also be due in part to 
inclusion of juvenile females within this analysis. In any case, it is likely that 
feathers collected during the late molting period in females are fresher than 
those collected during the breeding season and from more mature 
individuals than during the early molting season, when adults are molting 
and juveniles likely dominate our sample. Thus, in both males and females, 
the coloration of feathers decreases over time following molt, likely due to 
wear on feathers caused by abrasion and/or keratinophylic bacteria that 
degrade structures responsible for brilliant iridescent coloration. Iridescent 
colors may be particularly susceptible to barbule breakage or other types of 
mechanical damage (Doucet & Meadows 2009; Meadows et al., in press). This 
result is consistent with a previous finding that coloration of unmolted 
feathers decreases over time in captive males (Meadows et al., in press). 
While we could not test this idea in the current study due to a low number of 
recaptured individuals within the same molt-year, the degree of color change 
in these birds may carry important information about quality (Zampiga et al. 
2004; Kemp 2006; Delhey et al. 2006; see below).  
 Perhaps the most curious result of the current study is that coloration 
did not correlate with body condition measured by mass-structural size 
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residual or body mass alone. This was the case for adult males, juvenile 
males, and females and for all quarters of the year, including the breeding 
season when feathers are freshly molted and have a known signaling role in 
adult males. This result is made more confusing by the fact that an 
experimental manipulation of dietary protein level during molt affected adult 
male coloration, such that males receiving more protein in their diet molted 
in more colorful feathers than those receiving a lower amount of protein 
(Meadows et al. in press). Given this previous result, it is possible that the 
estimates of body condition that we employed here are not good measures of 
nutritional or physiological quality for Anna’s hummingbirds. Other 
researchers have encouraged caution in the use of body mass – body size 
residuals as measures of condition (Green 2001; Heath et al. 2011; but see 
Schulte-Hostedde et al. 2005).  
 Further, in hummingbirds wing loading may be a significant 
constraint on body mass such that heavier birds, after a certain point, suffer 
declines in flight ability, maneuverability and agility, or experience costs 
associated with increased use of energy needed to hover. Perhaps in support 
of this argument, female Anna’s hummingbirds have significantly longer 
wings but significantly smaller body mass outside of the breeding season 
(Pyle 1997), which may compensate for increased body mass when carrying 
eggs. Therefore, being slightly heavier may be sufficiently costly in 
hummingbirds that body mass – size ratio and body mass alone are not 
relevant indicators of quality in hummingbirds. Unfortunately, in the current 
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study, due mainly to constraints imposed by the small size of the birds, we do 
not have any other measures of physiological quality that can be tested as 
alternate measures of condition or to validate mass-size residuals as 
recommended by Heath and colleagues (2011). It is both extremely difficult 
to collect any blood without destructive sampling or secure a sufficient 
quantity of plasma for analyses of hormone, nutrition, or immune metrics. 
Even assuming that the measured indices of body condition are relevant, it is 
often the case that ornamentation reflects some quality metrics, but not 
others. In some cases in which an animals’ coloration declines after molt, 
color change in individuals is correlated with body condition (e.g., Delhey et 
al. 2006), but we were unable to assess color changes of individuals across 
season due to low recapture rates between comparable quarters of the year.  
 In conclusion, while Anna’s hummingbird coloration did not indicate 
body condition, it did reflect age in adult males, providing information that is 
perhaps important to competing males or to females selecting mates. This 
may be especially relevant in male-male competition because less colorful 
males tended to win contests (Chapter 2). We have not yet established any 
signaling role or condition-dependence of female coloration, perhaps 
indicating that female ornamentation may be the result of genetic correlation 
of coloration with males that are selected to be colorful, but more research is 
needed to evaluate this and other functional hypotheses. Color decreased 
with time since molt, indicating a significant impact of wear or degradation 
on feather coloration in Anna’s hummingbirds. This implies that iridescent 
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ornaments are costly to maintain in these birds, and iridescent feathers may 
be particularly subject to damage. A follow-up investigation examining wear 
patterns on feathers and nanostructure will provide a test of this hypothesis. 
In addition to decreased sexual signal quality, damage to feathers could have 
impacts on thermoregulation which could result in costly heat loss on cool 
desert nights for Anna’s hummingbirds. Iridescent feathers are also less 
water-repellent than other feathers (Eliason & Shawkey 2011), and both 
their susceptibility to wear and decreased water repellency indicate that 
significant fitness benefits should be present to outweigh the costs associated 
with feather damage and wetability. 
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Table 14. Color change from breeding season to breeding season in adult 
males. Means are mean ± standard deviation. Sample sizes differ due to 
missing data points for some birds. Significant differences in coloration from 
one breeding season to the next are bolded. 
 
Ornament N Year 1 Mean Year 2 Mean t df P 
C Brightness 12 0.79 ± 0.14 0.57 ± 0.22 3.28 11 0.007 
C Red Chroma 12 0.64 ± 0.02 0.62 ± 0.03 3.96 11 0.002 
C Hue 12 665.22 ± 8.80 662.70 ± 7.80 1.33 11 0.211 
C Directionality 10 0.55 ± 0.16 0.38 ± 0.17 2.88 9 0.018 
G Brightness 12 0.97 ± 0.22 0.79 ± 0.21 2.15 11 0.055 
G Red Chroma 12 0.63 ± 0.04 0.61 ± 0.04 2.13 11 0.057 
G Hue 12 641.27 ± 6.82 638.17 ±7.28 1.97 11 0.074 
G Directionality 10 0.72 ± 0.21 0.65 ± 0.17 0.94 9 0.374 
C Size 13 1.40 ± 0.21 1.31 ± 0.21 1.45 12 0.174 
G Size 13 3.06 ± 0.54 2.65 ± 0.44 3.04 12 0.010 
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Table 15. Male color change throughout the year 
Ornament Quarter N Mean H df P 
C Brightness 1 148 0.77 ± 0.30 23.10 2 <0.001 
 2 15 0.96 ± 0.46   
 
 4 22 0.46 ± 0.24   
 
C Red Chroma 1 148 0.63 ± 0.04 37.86 2 <0.001 
 2 15 0.66 ± 0.02   
 
 4 22 0.59 ± 0.04   
 
C Hue 1 148 662.92 ± 30.00 25.32 2 <0.001 
 2 15 671.33 ± 8.46   
 
 4 22 654.76 ± 9.97   
 
C Directionality 1 123 0.49 ± 0.20 12.47 2 0.002 
 2 7 0.40 ± 0.13   
 
 4 22 0.32 ± 0.23   
 
G Brightness 1 148 0.91 ± 0.22 18.63 2 <0.001 
 2 15 0.96 ± 0.20   
 
 4 22 0.67 ± 0.24   
 
G Red Chroma 1 148 0.61 ± 0.04 36.96 2 <0.001 
 2 15 0.64 ± 0.03   
 
 4 22 0.56 ± 0.04   
 
G Hue 1 148 637.89 ± 12.24 26.90 2 <0.001 
 2 15 640.49 ±7.10   
 
 4 22 629.36 ± 6.68   
 
G Directionality 1 123 0.67 ± 0.20 7.27 2 0.026 
 2 7 0.57 ± 0.10   
 
 4 22 0.55 ± 0.26   
 
C Size 1 145 1.39 ± 0.18 21.60 3 <0.001 
 2 17 1.43 ± 0.12   
 
 3 7 0.90 ± 0.54   
 
 4 21 1.18 ± 0.24   
 
G Size 1 145 3.09 ± 0.51 15.40 3 0.002 
 2 17 3.19 ± 0.39   
 
 3 7 2.86 ± 1.12   
 
 4 21 3.04 ± 0.56   
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Table 16. Female color change throughout the year 
Ornament Quarter N Mean H df P 
G Brightness 1 61 0.24 ± 0.13 7.77 3 0.051 
 2 16 0.20 ± 0.10    
 3 6 0.16 ± 0.06    
 4 27 0.29 ± 0.14    
G Red Chroma 1 61 0.52 ± 0.09 7.60 3 0.055 
 2 16 0.51 ± 0.10    
 3 6 0.44 ± 0.05    
 4 27 0.53 ± 0.08    
G Hue 1 61 627.93 ± 21.36 9.46 3 0.024 
 2 16 629.91 ± 21.59    
 3 6 617.89 ± 12.88    
 4 27 634.33 ± 13.37    
G Directionality 1 61 0.12 ± 0.09 12.38 3 0.006 
 2 16 0.10 ± 0.06    
 3 6 0.06 ± 0.03    
 4 27 0.18 ± 0.11    
G Size 1 66 0.50  0.31 12.89 3 0.005 
 2 23 0.43 ± 0.27    
 3 15 0.27 ± 0.21    
 4 30 0.36 ± 0.42    
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Figure 10. Individual adult male color change from year to year 
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Figure 11. Male color change among seasons of the year. 
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Figure 12. Female color change among seasons of the year.   
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